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ABSTRACT
Marine fouling development upon stainless steel and 
elastomeric surfaces was studied by light and electron 
microscopy and the observed contributions of the various 
organisms involved is discussed.
As an extension of the above, the bacteriology of a mature 
fouling film from stainless steel was examined. Characterized 
isolates were classified by numerical taxonomy. Species of 
Vibrio dominated the isolatable aerobic heterotrophic 
bacterial community. A number of previously undescribed 
species were discovered, highlighting inadequacies of current 
identification schemes. Isolate characteristics are discussed 
in relation to conditions during fouling development. Immuno- 
location of species within TEM sections of fouling was 
attempted without success.
Macromolecular dissolved organic materials were isolated 
from seawater by ultrafiltration, and characterization showed 
these materials to be humic substances, predominantly fulvic 
acid. Concentrated solutions of these materials were used to 
organically pretreat stainless steel surfaces prior to marine 
immersion, and the fouling of these and clean surfaces was 
compared. It was discovered that preadsorbed material can 
influence both the _in vivo attachment and growth of
microorganisms and subsequent fouling succession. Natural 
molecular fouling was also studied in relation to bacterial 
a t t a c h m e n t .
In vitro assessment of the attachment of a marine Vibrio 
Sp. to pretreated and clean stainless steel after prior 
growth in the presence of different concentrations of
different macromolecular species revealed a relationship 
between growth regime and adhesive tendancy.
The effect of humic materials on the growth of selected
bacteria was investigated ijn v i t r o . Some isolates grew with 
these materials acting as sole spurces of carbon, nitrogen 
and energy. Bacterial growth on acetate was stimulated by 
humic materials at specific concentrations, although
inhibitory effects were apparent if concentrations of the
latter were increased further.
The growth physiology of marine bacteria in the presence
of humic substances and the possible role of humic substances 
in fouling community development is discussed.
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CHAPTER 1 
GENERAL INTRODUCTION
22
1.1 The fouling problem.
Marine fouling refers to the attachment of seawater-borne 
organisms to the surfaces of artificial substrata immersed in 
the sea, and the subsequent growth and development of these 
organisms that gives rise to fouling communities (Anon, 
1952).
These fouling communities create many problems including 
those associated with the stress loading upon offshore 
structures and the efficient operation of shipping and marine 
immersed equipment (Haderlie, 1984). The physical presence 
of fouling can be troublesome simply as a result of its sheer 
weight. Tethered and static structures immersed in coastal 
waters are particularly prone to heavy fouling and the weight 
of fouling upon navigational buoys can result in their 
complete submersion (Cardarelli, 1976? Thompson, 1977).
Major inefficiences can also result from the creation of 
drag effects due to increased resistance to waterflow. The 
fouling of ships' hulls for instance, may result in increased 
fuel consumption and the loss of time and money due to the 
efforts required for the removal of attached growths. Even 
the presence of a slime film, consisting solely of 
microorganisms and their associated mucilages, can result in 
a measurable increase in the frictional resistance to water 
flow .over the hull surface (Gucinski et _al. , 1984? Lewthwaite 
et a l . , 1985) .
The economic cost of' shipfouling can be enormous: a very
large cargo carrier (VLCC) operating at 15 knots consumes 
about 170 tons of fuel per day, with fuel costing over $4
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million for a 300 day operational year. Moderate fouling can 
easily result in a thirty percent increase in fuel 
consumption to maintain speed - an increase in annual fuel 
costs of over $1 million (Gitlitz, 1981).
As well as increasing frictional drag, hull fouling of 
naval ships has the effect of creating additional turbulence 
resulting in greater "self-noise" and alteration of acoustic 
signature. Thus, although the hulls of modern naval vessels 
(such as destroyers and submarines) are designed to reduce 
"self-noise" and so evade detection by passive sonar, the 
presence of macrofouling will result in a supposedly quiet, 
ship becoming "noisy" and more easily detectable (Haderlie,
1984). '
The presence of fouling upon underwater sonar domes is
of importance because it can severly reduce their detection 
efficiency (Edelstein et_ a l . , 1970). Fouling-induced water
turbulence around a sonar dome creates a background "self­
noise", known as cavitation noise, that interferes with 
incoming signals and reduces sensitivity. The presence of 
dense, hard, calcareous or siliceous fouling organisms is 
particularly damaging to performance, since these can reflect 
incoming signals and reduce sound transmission (Fitzgerald 
et a l ., 1947 ; Urick, 1962). The efficiency of echo-ranging
and depth sounding equipment may also suffer due to these
effects (Redfield and Hutchings, 1952).
As well as impairing the efficiency of marine craft and 
underwater instruments by its physical presence, destructive
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effects may also be associated with fouling. The induction or 
acceleration of the corrosion of metallic surfaces due to the 
presence and activities of certain fouling organisms has long 
been of particular concern (Redfield and Hutchings, 1952).
The corrosion resistance of some stainless steels in 
seawater is due to the formation of a surface oxide 
passsivation film (Chandler, 1985). Factors which disrupt 
this, such as reduced oxygen supply under discontinuous 
fouling deposits (Mitchell and Boyle, 1982) and in crevices 
created by macrofouling organisms (Kain et_ a l . , 1984; Ruimi
et a l ., 1984), lead to accelerated corrosion. Experiments
have shown that bacterial acid production in non-saline media 
accelerates carbon steel corrosion by dissolution' of the 
oxide layer (Gerchakov and Udey, 1984), and it is thought 
that this may be an important factor in metal corrosion 
in marine systems (Pedersen e_t al_. , 1988). Variation in pH
due to algal photosynthesis (Edyvean and Terry, 1981) and 
the excretion of ammonia by ammonotelic fouling animals 
(Cottis e_t a l . , 1984) may also contribute to galvanic forces
leading to corrosion. Several authors have shown that the 
seawater corrosion of both mild steel and stainless steel 
surfaces can be initiated and stimulated by surface bacterial 
films (Mollica e_t a_l. , 1984; White ejt a l . , 1984; Scot to et
a l ., 1985). Whilst some isolated species of marine
heterotrophic bacteria have been found to promote localised 
corrosion of mild steel (Gaylarde and Videla, 1987) and AISI 
304 stainless steel (Nivens et^  a l . , 1986) alone, it is
possible that some are capable of accelerating corrosion due
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to other bacteria such as sulphate reducing bacteria (SRBs) 
-as has been shown for a freshwater Vibrio S p . (Gaylarde and 
Johnston, 1982). The presence of films of heterotrophic 
bacteria, or more developed communities consisting of micro- 
and macro-fouling organisms, are thought to create suitable 
conditions for the growth of the obligately anaerobic SRBs. 
Under anaerobic conditions such as may occur under or within 
the fouling, these bacteria can generate large amounts of 
hydrogen sulphide which can promote the corrosion of metal 
surfaces (Hamilton, 1985). Mechanisms of steel corrosion by 
SRBs and aerobic, acid producing, sulphur oxidising bacteria 
have been reviewed by Cragnolino and Tuovinen (1984).
Such are the undesirable effects associated with fouling 
that combating them has become an industry in itself. It is 
believed that the first attempts to apply antifouling 
treatments to ships' bottoms date back to before the 5th 
century B.C. (Laidlaw, 1952). Early attempts involved the 
use of pitch, tar, tallow, and later various types of 
metallic sheathing, until the effectiveness of copper 
sheathing was discovered. Copper sheathing had to be 
abandoned when iron-hulled ships were constructed in the late 
18th century despite initial attempts to avoid galvanic 
action by interposition of an insulating layer of wood.
Antifouling efforts were then concentrated on the 
development of suitable paint coatings (Laidlaw, 1952).
Eventually soluble paint matrices were developed, which 
could retain a sufficient loading of dispersed toxicant (such
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as cuprous oxide) and allowed controlled and effective 
release rates, enabling fouling control for up to 18 months 
(Gitliz, 1981). However, as with all diffusion-controlled 
release systems the toxicant leaching rate suffers an 
exponential decay with time, and high initial wastage of 
toxicant cannot be avoided in order to attain a reasonable 
fouling free life. Paint films are limited in the amount of 
toxicant they can carry and although incorporation of more 
efficient toxins, such as tributyltin derivatives, has 
increased 'the antifouling life, it is only extended by about 
6 months (Gitliz, 1981). In addition, antifouling paints have 
been found to be unsuitable for use upon the protective domes 
encasing sonar transmitters because of their extremely short 
life due to rapid surface disruption of the paint film 
through cavitation (Cardarelli, 1976). In response to this 
problem antifouling elastomeric compositions have been
developed (Cardarelli, 1963; Cardarelli and Neff, 1972). Due 
to the thicknesses at which these materials can be moulded a
greater reservoir of toxicant can be retained, resulting in
longer antifouling life as well as improved erosion, abrasion 
and cavitation resistance compared to conventional paints 
(Cardarelli, 1976; Fischer et a_l. , 1984 ). Dissolution rates 
of toxicant (usually a tributyltin derivative) can also be 
controlled through the elastomer vehicle formulation 
(Cardarelli, 1976). Antifouling elastomers provide the
longest antifouling life available at present and a lifespan 
of over 90 months has been reported (Cardarelli, 1976). It is 
unlikely that this reported lifespan refers to exclusion of
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certain microfouling organisms and algae that are known to be 
resistant to organotin toxins (Clitheroe and Evans, 1975;
Callow and Evans, 1981; Blair et a l ., 1982; Callow,1986).
All biocidal systems presently in use appear to select for 
resistant communities as biocide levels fall, and current
investigations are focused towards the discovery of more 
environmentally acceptable, non-biocidal systems that 
preclude fouling attachment by alteration of surface physico­
chemical properties (Bultman et al. , 1984;Callow et. a l . , 
1986). The study of biological attachment mechanisms and 
natural community structure and formation is therefore 
extremely important in the current approach to the 
development of methods for curtailing fouling.
1.2 The fouling process.
The development of fouling upon non-toxic, marine immersed 
surfaces is typified by a series of different communities 
that occur sequentially with time, and whose nature .and 
species composition may vary with season and geographical 
location. In temperate waters of the northern hemisphere,
fouling occurs most vigourously within a "fouling season" 
occurring from about the begining of April to the end of 
October, although this season is of variable length, being 
shortened in the more northerly latitudes and lengthened at 
latitudes nearer the equator (Redfield and Deevey, 1952; 
Houghton, 1978). Light availability is important to diatom 
and algal growth, and water temperature is a major factor 
controlling the survival of bacteria (Sieburth, 1967), diatom
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and algal growth as well as invertebrate reproductive cycles, 
although many other factors interact to produce "seasonal 
effects" in the attachment and development of specific
organisms (Anon, 1952).
As well as seasonal effects within a particular year, 
variations in the occurrence and intensity of fouling due to 
particular organisms have also been noted from year to year 
(Coe and Allen, 1937; Weiss, 1942; Hendey,1951; Stubbings and 
Houghton, 1964). The development of marine fouling 
communities upon newly immersed artificial substrata is
generally considered to be a sequential process begining with 
the adsorption of organic molecules (Baier, 1984). Organic 
adsorption is closely followed by the attachment and growth 
of microorganisms (primary fouling) and then communities of 
macrofouling algae develop which in turn are superceded by
growths of macrofouling invertebrate animals. Fouling 
processes are more complicated than this however, and p r e ­
emptive settlement by invertebrate animals may occur. The
observed sequences in the occurrence of organisms has
suggested that fouling development may occur as a result of 
biotic sucession in which initial colonizers alter the 
surface environment in such a way as to precondition it and 
make it more favourable for the attachment and growth of
succeeding species (Redfield and Deevy, 1952; Young and
M i t c h e l l , 1973 )
Primary films can be formed upon non-toxic surfaces within 
the first few hours of immersion and may persist for several
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days largely in the absence of macrofouling organisms . They 
commonly consist of many thousands of attached bacteria and 
many hundreds of diatoms per square centimetre of surface, 
and copious amounts of mucilaginous material may be produced 
by these attached populations (Zobell and Allen, 1935; 
Zobell, 1946; Wood, 1950; Anon, 1952; Skerman, 1956; O'Neill 
and Wilcox, 1971; Sechler and Gundersen, 1973; Corpe, 1973; 
1976) .
Zobell and Allen (1935) hypothesised that bacterial films 
could induce settlement and metamorphosis of the larvae of 
fouling animals, and although the presence of primary films 
has been shown to facilitate settlement of larvae of certain 
species (Scheer, 1945; Miller e_t al_. , 1948; Horbund and
Freiberger, 1970; Crisp, 1974; Mihm e_t al_. , 1981) the complex 
interactions between microfouling films and the development 
of animal macrofouling communities are still poorly 
understood (Kirchmann and Mitchell, 1983). Little is known of 
the effects of primary films upon the attachment and 
germination of macroalgal spores, although laboratory 
experiments (Schonbeck and Norton, 1979; Thomas and Allsopp, 
1983; Huang and Boney, 1984) and field observations (Wilson, 
1925) suggest that specific bacteria and diatoms may be 
capable of inhibiting or enhancing the settlement and growth 
of certain species of fouling algae. Interactions between 
initial and later animal macrofouling colonists also appears 
to be complex with both facilitatory and inhibitory effects 
due to specific established species affecting subsequent 
colonisation by other species (Dean and Hurd, 1980).
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Whilst much effort has been directed towards the study of 
interactions between adherent communities and subsequent 
colonizers, the effects that adsorbed organic films may exert 
upon the attachment and growth of fouling organisms has 
remained largely unexamined. The studies of Zobell and co­
-workers (reviewed by Zobell, 1943) have produced evidence
indicating that adsorbtion mediated surface concentration of 
the very dilute organic matter present in seawater, enhances 
the growth of marine bacteria associated with the surface-
-seawater interface. However no attempts had been made to
isolate and characterise the adsorbing material until 
relatively recently (Edwards, 1982). Consequently the early 
hypothesis of Zobell (1943) has not been directly tested 
using in vivo derived organic matter. The influence of these 
adsorbed organic "conditioning" films in the alteration of 
substratum surface physicochemical properties had only begun 
to be appreciated quite recently (Neihof and Loeb, 1974; 
Loeb and Neihof, 1975), and it is not known how these changes 
effect subsequent fouling processes.
The adsorbtion of organic macromolecules and attachment of 
pioneering microfouling species are consistently the dominant 
processes occurring in the very earliest phases of fouling 
(Baier, 1984), and futher study of microbial and 
macromolecular adsorption is required in order to gain 
greater understanding of these events (Marshall and Baier, 
1981).
The present study therefore attempts to show that adsorbed
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marine organic matter may influence the attachment of fouling 
organisms and may be utilized as a nutrient source by 
bacteria. The thesis has been developed in the following 
manner: Details of general methodology and investigation
sites are given in chapter 2. More specific techniques are 
dealt with in relevant chapters. Chapter 3 gives a record of 
light and electronmicroscopic observations of the fouling of 
stainless steel and elastomer compositions immersed in the 
sea, undertaken to achieve a "baseline" understanding of the 
organisms involved and the structural and temporal
development within fouling communities. In order to add to
the limited knowledge on marine fouling bacteria, chapter 4 
includes a thorough numerical taxonomic study of aerobic and 
facultatively anaerobic heterotrophs isolated from a mature 
biofilm and considers their relative importance. A record of 
attempts to develop techniques for accurate _in situ
localisation of bacteria within embedded biofouling films 
using EM immunogold labelling methods, are also given in
chapter 4. The extraction, concentration and partial 
characterisation of marine organic materials are dealt with 
in chapter 5 prior to investigations in to their influence on 
fouling attachment and succession (chapter 6 ) and their 
utilization as nutrients by marine fouling bacteria (chapter 
7). Results are discussed in detail within each of chapters 
3-7 and, briefly, in a general manner in chapter 8 in which 
conclusions of the described research are also given together 
with suggestions relating to areas which require further 
i n v e stigation.
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CHAPTER 2 
GENERAL MATERIALS AND METHODS
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2.1 Marine exposure sites and seawater collection sites.
All seawater collections and test panel immersions were 
performed at sites in Chichester and Langstone Harbours. 
These Harbours are part of a system of three interconnecting 
marine Harbours consisting of the central Langstone Harbour 
linked by channels to Chichester Harbour in the east and 
Portsmouth Harbour in the west. (Fig. 2.1). The ecology of 
both Langstone (Anon, 1976) and Chichester (Stubbings and 
Houghton, 1964) Harbours have been studied in the past, and 
are suitable sites for marine fouling studies. Each Harbour 
recieves marine inputs directly from the waters of the
Figure 2 . 1 : Marine exposure and seawater collection sites.
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solent. A salinity range of 30% to 34% (Jan u a r y - J u n e , 1982)
has been reported for Langstone Harbour (Pyne e_t a_l. , 1985),
and salinities in the range 32.2% to 35.5% have been 
reported for Chichester Harbour (Stubbings and Houghton; 
1964). Edwards (1982) has reported a range ' of 30-33%
(January-June, 1981) for salinity at Itchenor Jetty. Salinity 
values within the latter range were recorded at the Ichenor 
Reach marine exposure site during the _in vivo fouling
experiments of this study.
Seawater collections from the Itchenor Jetty site 
(Chichester Harbour) were taken directly by immersing plastic 
containers below the surface, and collections from Langstone 
Harbour were performed in the same manner (Eastney Side) or 
via a running seawater system (Portsmouth Polytechnic Marine 
Biology Laboratory, Hayling Island, Portsmouth) that recieves 
Langstone Harbour seawater pumped from a depth of 
approximately lm at the Hayling Island Jetty site.
Stainless steel and elastomer test coupons were immersed
either from the Admiralty rafts, moored at a central location 
in Langstone Harbour, or from floating structures situated 
near the centre of Itchenor reach at a point approximately 
lKm from Itchenor Jetty (Figure 2.1).
2.2 Light m i c r o s c o p y .
Where fouling was to be examined by l i g h t ■microscopy, wet 
mounts were prepared of surface scrapings using sterile 
isotonic saline solution. Preparations were visualised by 
transmitted light using a Leitz "Orthoplan" microscope, and
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photomicrographs were taken on Kodak 160 tungsten film in a
Leitz "Orthomat" camera fitted to the above microscope.
2.3 Methods for scanning electron microscopy.
Fixation : All specimens on stainless steel surfaces were
fixed at room temperature for three hours in 0.1M . sodium 
cacodylate buffer (pH 7) containing 3% (w/v) glutaraldehyde 
and 0.25M sucrose. Specimens were then rinsed twice by
immersion in 0.1M sodium cacodylate buffer containing 0.25M 
sucrose for 20-30 minutes (depending upon fouling thickness) 
each time. Postfixation for three hours or overnight 
(depending on fouling thickness) was then carried out in 0 . 1M 
sodium cacodylate buffer containing 1% (w/v) osmium
tetroxide. After postfixation specimens were rinsed twice in 
0.1M sodium cacodylate buffer for 15-30 minutes each time.
For specimens upon elastomeric surfaces the above fixation 
protocol was followed except for the omission of the
osmication step and subsequent rinses since postfixation 
appeared to damage the surfaces of the elastomers.
Dehydration : For specimens upon metal surfaces dehydration
was carried out by passing them through a graded ethanol 
series (30%, 50%, 70%, 90%, 95%, 100% (v/v) ethanol, then
100% ethanol over disodium carbonate drying agent) for 15 
minutes each step. Specimens were then transferred through a 
series of e t h a n o l :acetone mixtures (2:1, 1:1, 1:2) for 15
minutes each step followed by 15 minutes in each of absolute 
acetone and then absolute acetone over disodium carbonate 
drying agent. Specimens were then transferred under acetone
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to a Polaron "E3000" critical point dryer and critical point 
dried using liquified carbon dioxide as drying agent.
For specimens upon elastomeric surfaces dehydration was 
achieved by freeze drying : after a brief rinse in double
distilled, deionised water ("Milli-Q" water) fixed specimens 
were transferred into small volumes of "Milli-Q" water and 
frozen at -70°C. Frozen specimens were then transferred to a 
freeze drier (with precooled condenser) and the vacuum was
immediately applied. Specimens were usually freeze dried 
o v e r n i g h t .
Mounting and Metal Coating : All specimens were mounted on
aluminium SEM stubs (Cambridge SEM type) using either double 
sided sticky tape or for larger specimens, "UHU" glue.
Specimens were then coated with platinum (for 1-3 minutes 
after pumping to 80 millitorr.) in a sputter c o a t e r .
SEM Observation : All material was examined using a Cambridge 
"stereoscan 250" SEM. Specimens were set at a working 
distance of 10-15 mm from the detector. The accelerating 
voltage was usually set at 20KV, although occasionally lower 
KV's (down to 1 O K V ) were used. Tilt was normally set at 45° 
although observations were also carried out in the range 1 0 °- 
90°. Spot size was varied (7-11) according to magnification 
and required resolution or depth of focus. All micrographs
were taken on 35mm Ilford FP4 film.
2.4 Methods for transmission electron microscopy.
Fixation : Specimens were placed in 0.1M sodium cacodylate
buffer (pH 7) containing 3% (w/v) glutaraldehyde (E.M. grade,
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Agar Aids) and 0.25M sucrose for three hours at room 
temperature (as for SEM specimens, those for TEM were usually 
placed directly into fixative upon collection). Following 
aldehyde fixation, specimens were rinsed for 40 to 60 minutes 
in 0.1M sodium cacodylate buffer containing 0.25M sucrose 
(two changes of buffer of up to 30 minutes each), and then 
postfixed in 0 . 1M sodium cacodylate containing 1% (w/v)
osmium tetroxide for three hours (overnight for thick films). 
Dehydration and resin embedding : As for SEM specimens, those 
for TEM were dehydrated in a graded ethanol series. But 
instead of the final steps of transferring to acetone, 
specimens in 100% (v/v) ethanol were placed directly in to 
absolute ethanol over phosphorous pentoxide drying agent (two 
changes of 20 to 30 minutes each). Dehydrated material was 
then transfered to a 1:1 mixture of absolute ethanol (over 
drying agent) and Spurr (1969) low viscosity epoxy resin 
(hard or standard formulations were used) for 30 minutes. 
Specimens were then transfered into pure resin for three 
hours, before being placed in fresh resin overnight. Before 
polymerisation, specimens were placed into oven-dried 
polyethylene embedding moulds containing fresh resin (same 
batch as.that made up for infiltration). Polymerisation was 
complete after 7-8 hours in an oven at 75°C.
Preparation for sectioning : In order to enable sectioning,
resin embedded fouling needed to be removed from the metal 
surface to which it was attached. Separation of resin from 
metal was achieved by freezing the whole specimen at -70°C 
followed by rapid warming in water at 40°C. This caused rapid
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expansion of the metal which resulted in the splitting off of 
resin embedded material. After resin removal the metal
surface was examined by SEM to determine how effective the 
removal process was and to assist in the selection of areas
of the removed resin block for sectioning. Selected areas
were cut from the block, and trimmed using a fine-toothed saw 
before being mounted in the required orientation upon a piece 
of cut dowling. ■
Sectioning : Sections were cut by Mrs J.Mullervy
(Microstructural studies unit ,University of Surrey.) using a 
"Diatome" diamond knife fitted to a "Reichert" 
ultramicrotome. Silver (80nm thick) sections were collected 
on copper grids. For sections cut from the base of the 
fouling (ie:- cut in a parallel manner to the resin surface 
which was in contact with the m e t a l ),section "depths" 
(d e p t h = [number of sections from base] x [section thickness]) 
were noted. Section fragments from the very base of the 
fouling were also examined. Cross-sections were also taken of 
embedded fouling in a plane that would have been 
perpendicular to the plane of the metal surface from which 
the fouling was removed. For the latter type of section, re­
embedding of the resin blocks (that had been removed from 
the metal surface) was found necessary in order to enable 
better sectioning of the base of the fouling which otherwise 
tended to break away upon sectioning in this manner.
Staining of sections : Sections were stained in lead
citrate (R e y n o l d s ,1963) for 5 minutes, followed by 2% uranyl 
acetate for 15 minutes at 60°C, before being carbon coated in
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an Edwards coating unit.
TEM observation : Sections were examined at an accelerating
voltage of 80KV in either Jeol (JEM 100B or JEM 200CX) or 
Philips (EM-400T) transmission electron microscopes. 
Micrographs were taken on Kodak 4489 electron microscope 
film.
2.5 Removal of organic contamination from glassware and water 
For the purposes of the study of influences of small 
quantities of adsorbed or dissolved organic matter upon the 
adhesion or growth of marine organisms, it was essential that 
organic contaminant materials were removed from glassware and 
solutions. All solutions (chapters 5-7) were made up using 
sterile Millipore "Milli-Q" water. This was pyrogen-free, 
double distilled water that had been passed through a series 
of Millipore cartridges concluding with the Millipore 
"Organex" cartridge and was thus free of organic matter. 
Before drawing water from this system it was run to waste 
until the measured resistance was 18Q. Organic contaminants 
were removed from glassware surfaces by soaking overnight in 
50:50 mixture of concentrated nitric and sulphuric acids, 
followed by exaustive rinsing with "Milli-Q" water.
2.6 Identification of diatoms.
Diatoms observed from SEM's of fixed material or by light 
microscopic observation of wet mounts, were identified with 
the aid of the following: He n d y , 1951,1964; C o x ,1 9 7 7 a ,1 9 7 7 b ;
Cox,1978. All species names given are correct according to 
Hartley (1986).
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CHAPTER 3
STUDIES OF MARINE FOULING DEVELOPMENT 
UPON STAINLESS STEEL AND ELASTOMER SURFACES.
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3.1 INTRODUCTION
The purpose of this chapter is to examine the fouling 
processes upon antifouling/non-antifouling elastomers and 
unprotected A.I.S.I type 316 stainless steel immersed in the 
marine environment. These are both rather expensive materials 
and as such, have had a relatively limited, specialist use in 
marine applications inspite of their superior performance. 
Stainless steels are used only in situations where high 
corrosion resistance is essential. Their corrosion resistance 
being due to the formation of a passive surface oxide film of 
chromium oxide (Cr2 03 ), and although crevice corrosion can 
occur on stainless steels (where the passive film is broken 
down locally) this has been reduced by incorporation of
molybdenum in the alloy (Chandler, 1985). Antifouling
elastomers are the longest lived antifouling coatings 
available at the moment (Fischer e_t a_l. , 1984 ).
Many studies of the i_n vivo colonization of marine 
immersed solid substrates have been carried out to date few 
however, have even attempted to give a full account of 
fouling community structure, organisation and development, 
often as a result of the techniques employed or as a 
consequence of concentrating solely upon identification 
and/or quantification of particular organism groups or 
specific stages in the fouling process (such as primary film 
formation or macrofouling succession). These kinds of studies 
have yielded useful information concerning the overall trends 
in succession, what organisms attach, when they attach and
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what their numbers are, but the ecological significance of
these findings cannot be fully realised in the majority of
cases because of the lack of knowledge of (observable) 
spacial relationships and interactions of the various 
organisms and how these change within the developing fouling 
community with time.
3.1.1 Fouling properties of steel in the marine environment.
The fouling of stainless steel has been studied on
relatively few occasions compared to that of other substrates 
(such as glass). Redfield (1952) lists stainless steels 
amongst metals that are likely to foul, but gives no further 
information. Much of what is known of the fouling of 
stainless steels comes from quite recent comparative studies 
of the initial microfouling on stainless steels as compared 
with other material substrates.
Sechler and Gundersen (1973) studied the development of
bacterial and diatom populations on A.I.S.I type 304 
stainless steel (immersed at Kaneohe Bay, Oahu, Hawaii). They 
found after one day that diatom and bacterial numbers had 
reached 1 X 103 /cm2 and 1.6 X 103 /cm'2 respectively; numbers 
increased until 9-10 days after which time populations 
remained at about 1 0 5 /cm2 for diatoms and 106 /cm2 for 
bacteria for the duration of the experiment (42 days).
Berk et. al_. (1981), who found that surface roughness had 
little effect upon the rate of microfouling of stainless 
steel, noted the presence of bacteria at 6 days, filamentous 
algae and diatoms after 10 days, and protozoa after 15 days
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immersion (off Fort Lauderdale, Florida, U.S.A.).
Marszalek et al_. ( 1979) found the microfouling succession 
on A.I.S.I type 304 stainless steel to be very similar to 
that found upon glass during the first five weeks of 
immersion of these surfaces (at Bear Cut, Miami, Florida, 
U.S.A.). They noted the presence of rod shaped bacteria after 
4 hours and fungal filaments after 2 days, but diatoms and 
filamentous algae did not become very prevalent until 2 weeks 
when choanoflagellates reached peak abundance. Peritrichous 
ciliates were abundant at 3 and 4 weeks and by 5 weeks a 
slime comprising diatoms, filamentous algae, ciliates and 
flagellates was present. During prolonged exposure the steel 
began to corrode and corrosion products interfered with the 
fouling community. The interference of corrosion products 
with fouling development has also been noted on mild steel 
(Efird, 1976), where the formation of large amounts of loose 
rust caused periodic sloughing of all surface macrofouling 
including tunicates, barnacles, serpulids and bryozoa. The 
interference of corrosion products with fouling is unlikely 
to be such a problem with the more corrosion resistant 
A.I.S.I 316 type stainless steel, which might be expected to 
exhibit similar fouling characteristics to glass surfaces for 
a longer duration than either mild steel or A.I.S.I type 304 
stainless steel. •
3.1.2 Antifouling elastomer performance.
The fouling free lifespan of a given antifouling elastomer 
is not solely a function of the concentration and type of
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toxicant present ; of equal importance is the size of the 
toxicant reservoir, the latter being proportional to the 
thickness of the elastomer sheet (Cardarelli, 1976), the 
water absorption properties of the elastomer and the 
solubility of toxicant within both the elastomer and 
surrounding seawater (Woodford,1972).
Thus for long lasting antifouling, the release rate of 
organotin toxin must be kept to the minimum effective rate by 
choosing the appropriate combination of organotin toxicant 
and elastomer (Deforest et a_l. , 1974). Many organotin-
elastomer combinations have been formulated and tested by 
commercial organisations (Cardarelli, 1976) and government 
(defence) departments (Ochiltree, 1972; 1979; Woodford, 1972; 
Deforest e_t al_. , 1974) to find those that have good
antifouling properties and could be suitable f o r . use in 
operational environments.
"Neoprene" elastomers containing tributyltin oxide (T B T O ) 
have been found to have particularly good antifouling 
characteristics, and for long lasting antifouling activity it 
has been suggested that these require a thickness of at least 
13mm and a TBTO content of about 2% or greater (Cardarelli, 
1976). A commercial formulation of this type remained 
virtually free of fouling for 92 months in waters off West
Key, Florida, U.S.A. (Wuerzer et a l . , 1967).
A variety of organotin compounds have been tested for
antifouling activity in U.K. waters by Ochiltree (1979), the 
organotins were individually incorporated into 2 mm thick
"neoprene" sheet at concentrations of 2.5% . Although
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generally quite effective against most fouling, all organotin 
toxicants tested failed to prevent fouling by E c t o c a r p u s , but 
some organotins could delay the onset of fouling by this alga
for longer periods than others. The TBTO containing
formulation for instance, did not have Ectocarpus fouling 
until 56 weeks of immersion and had acquired no further 
fouling by 73 weeks, whereas "neoprene" containing
triphenyltin chloride (TPhTCl) (one of the least effective 
organotins tested in "neoprene") had acquired growths of 
Ectocarpus after only 5 weeks, and at 56 weeks red and green
algae, barnacles and tunicates were also observed, although
by 73 weeks only red algae and Ectocarpus had remained. One 
"neoprene" formulation containing 3% TBTO remained free of
all animal and algal fouling other than Ectocarpus for 339
weeks in Langstone Harbour, Portsmouth, U.K. (Ochiltree,
1979 ) .
In the tropical waters of Port Jackson, NSW, Australia, De 
Forest e_t a_l.( 1974) found that 1.75mm thick "neoprene" sheets 
containing 10% TBTO acquired a dense cover of diatoms by 500 
days immersion, with only "medium" slime observable at 730 
days. They suggested that control of the initial wasteful 
TBTO release rate, possibly by increasing carbon black 
loadings, could improve performance. De Forest et_ al_. ( 1974) 
noted thinner slime on a 10% tributyltin floride (T B T F ) 
"neoprene" formulation - an interesting finding since TBTF 
(unlike TBTO) is insoluble in "neoprene" and thus would 
appear to rely upon elastomer water absorbtion for its 
release (Woodford, 1972).
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It would seem from the above studies, that as organotin 
dissolution rates diminish and begin to approach fouling 
threshold levels (ineffective formulations may have initial 
dissolution rates that are at these levels), attachment of. 
the larger more persistent fouling organisms is not 
prevented. But as has been observed for algae, barnacles and 
tunicates these organisms will eventually die as a result of 
gradual toxin accumulation over a period of time, unless the 
elastomer toxicant reservoir is spent.
Although the onset of animal and most algal fouling can be 
prevented for durations of several years depending on the 
exposure conditions, even the most effective antifouling 
elastomers will probably have acquired surface microfouling 
and associated slime within the first year of immersion.
Little attention has been paid to microfouling of 
antifouling elastomer surfaces. Whether an attachment - 
accumulation - death process occurs with bacteria and diatoms 
is not clear, but presumably the more toxin resistant types 
will eventually be selected for as has been observed upon 
organotin containing antifouling paints (Andreyuk et a l .,
1985).
3.1.3 The effectiveness of organotin compounds against marine 
fouling organisms.
Systematic evaluation of the biocidal properties of the 
numerous organotin compounds that have been synthesised has 
been carried out, although initially their activity against 
marine organisms was not of particular interest. The most
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effective biocides were found to be those of the formula 
R g S n X , where the tin atom is directly attached to three alkyl 
("R") groups and "X" which is an electronegative inorganic or 
organic radical. The nature of "R", unlike "X", has a major 
influence upon the toxicity of the molecule, and butyl 
radicals usually impart greatest toxicity to these 
triorganotin compounds (Van der Kerk and Luijten, 1954; 
1956).
3.1.3.1 Bactericidal properties and bacterial resistance.
The activity of triorganotin compounds against terrestial, 
freshwater and estuarine bacteria is fairly well documented 
but no figures appear to be available for known marine forms 
(including those involved in fouling). Good and Dundee (1981) 
gave L C 50 values for TBTO on two gram negative bacteria 
(Pseudomonas aeruginosa and Aerobacter a e r o g e n e s ) as >500ppm, 
and quoted a value of up to lppm for gram positve bacteria. 
Yamada e_t a_l. (1978a) determined the minimum inhibitory 
concentration (MIC) for tributyltin chloride (T B T C l ) in a 
number of terrestrial bacteria, giving values of S O O ^ g / m l  
for Escherischia coli and Pseudomonas aeruginosa and MIC's 
below l(^ug / ml for Bacillus subtilis and Mycobacterium 
p h l e i .
Hallas and Cooney (1981) determined MIC values for a range 
of organotin chlorides (including mono, di, tri- substituted; 
methyl, ethyl, propyl, butyl derivatives) on a small number 
of estuarine bacteria, concluding that the triorganotins were 
most toxic. They came up with MIC values for TBTCl of upto
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about 5^jg/ml for some unidentified bacterial isolates and 
300^ig/ml for a Pseudomonas aeruginosa isolate. Tripropyltin 
chloride was found to be more active than T B T C 1 , but 
triethyltin chloride (T E T C 1 ) was most effective (all
isolates having TETC1 MIC's of <^ug/ml ).
Van der Kerk (1978) noted that tripropyltin derivatives 
have a wider antibacterial spectrum than tributyltin and also 
suggested that they were effective against gram negative 
bacteria (which are generally more resistant than gram 
positives to t r i o g a n o t i n s ).
The greater resistance of gram negative bacteria has been 
attributed to interaction of organotin compounds with 
phospholipids/phosphate compounds present in their cell 
envelopes (Yamada et a l ., 1978b). Blair et al. (1982) studied 
the fate of TBTC1 in cultures of gram negative bacteria that 
were isolated from an estuarine sediment on media containing 
5fjng/ml T B T C 1 . These bacteria were unable to metabolize 
T B T C 1 , but they could accumulate it mostly in their cell 
envelopes. Barug (1981) has shown that bacteria and fungi 
capable of degrading TBTO (to the less toxic mono- and di­
butyl derivatives) do exist in nature, but considers these to 
be rare. The work of Blair et aJ. (1982) supports the view 
that active detoxification is not the means by which the 
majority of bacteria survive in the presence of organotin 
c o m p o u n d s .
The greater resistance of gram negative bacteria to 
triorganotin toxicants is unfortunate since these bacteria 
usually comprise the majority of primary film forming
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bacteria. There is however, no quantitative data available on 
the effects of triorganotins upon known marine/estuarine 
periphytic bacteria, but resistant forms are known to occur. 
Dyckman and Castelli (1971) found one of thirteen estuarine 
bacteria (isolated from glass within 96 hours of immersion) 
to be resistant to TBTO and tripropyltin oxide (TPRTO). 
Dempsey (1981a,b) found that bacteria first attached to 
paint containing triphenyltin fluoride (T P h T F ) within 4 
hours, in a recirculating seawater system, with viable counts 
reaching about 26 /cm2 after 8 hours and stabilising at 215 - 
218 /cm2 after 4 days and beyond. Andreyuk et_ aJL. (1985) 
noted the gram negative genera P s e u d o m o n a s , Flavobacterium 
and Vibrio upon steel painted with a TBTO containing 
antifouling polymer which was immersed in the sea.
3.1.3.2 Algicidal p r o p e r t i e s .
Experience with the use of antifouling paints containing 
triorganotin compounds in operational environments, has shown 
that these antifoulants are on the whole very effective 
biocides (Evans, 1970). Evans and Smith (1975) stated that 
the triorganotins are active against algae within the range 
of 0.01-5 ppm, and De La Court (1980) gives a threshold 
critical release rate of 22/u g / c m z per day for checking algal 
fouling on surfaces of paints carrying tributyltin fluoride 
(T B T F ). For elastomer surfaces, a minimal dissolution rate of 
5 . 5 ^  TBTO /cm2 per day is reported to be necessary to 
prevent settlement and growth of east coast (U.S.A.) fouling 
algae (Cardarelli, 1976).
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But whilst triorganotins are particularly useful in the 
prevention of growths of E n t e r o m o r p h a , they are much less 
effective against species of Ectocarpus and Ulothrix (Mearns, 
1970; Houghton and G a g e , 1976) which may occupy the niche 
vacated by this alga (Christie, Evans and Callow, 1975; 
Millner and Evans, 1981). Species of Ectocarpus have the 
ability to evolve tolerance to heavy metals and this may be 
an important factor enabling them to grow in the presence of 
organotin antifoulants (Clitheroe and Evans, 1975).
Taylor (1976) has shown that settlement and growth of 
Ulothrix pseudoflacca spores can occur at concentrations of 
TPhTCl that would be lethal to zoospores and vegetative 
tissue of Enteromorpha i n t e s t i n a l i s . The physiology of this 
has been studied and it has been found that although the 
respiration of these algae is equally sensitive, 
photosynthesis of Ulothrix has greater resistance to TPhTCl 
than Enteromorpha (Millner, 1979; Millner and Evans, 1980). 
It has also been discovered however, that in zoospores and 
particularly vegetative tissue, uptake of TPhTCl by Ulothrix 
is more rapid than that in Enteromorpha (Millner, 1979; 
Millner and Evans, 1981), thus the greater resistance of 
Ulothrix is not fully understood at the moment.
Despite their importance in slime films on antifouling 
surfaces, the resistance of diatoms to triorganotin 
antifoulants has not been studied to any great extent. Evans 
et a l . (1986) have examined the algicidal activity of TBTO
towards Amphora coffeaeformis and gave an LC50 value of lOOnM 
TBTO. The physiological effects of TPhTCl on Achnanthes
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subsessilis (a diatom that is often dominant on triorganotin 
based antifouling paint surfaces) has been studied by Callow 
and Evans (1981). They produced results that when compared to 
those of Millner and Evans (1980), showed that H14 COj 
fixation in A. subsessilis was more sensitive to inhibition 
by TPhTCl than Enteromorpha i n t e s t i n a l i s . The degree of 
inhibition did however become reduced after prolonged 
incubation suggesting the possibility that inducible 
resistance mechanisms had begun to operate. Incubation with 
TPhTCl also had the effect of causing A. subsessilis to 
produce longer adhesive stalks - an adaptation that might 
allow them to get further away from the more toxic boundary 
layer when attached to antifouling surfaces.
3.1.3.3 Effectiveness of organotins against sessile marine 
a n i m a l s .
Out of all major organism groups involved in the fouling 
of marine surfaces, it is the animals that are consistently 
the most sensitive to triorganotin toxicants, some being up 
to a thousand times more sensitive than bacteria.
Cardarelli (1976) has determined threshold rates for TBTO 
dissolution from elastomers which prevent fouling by most 
species of commonly encountered sessile animals. Amongst 
those studied, the most sensitive were tubeworms and 
tunicates which could be kept off surfaces with a dissolution 
rate of about 0.2 u g ^ m 2 per day, whilst barnacles and 
polyzoans were not found on surfaces with minimal dissolution 
rates of 0.8 u g / : m 2 per day respectively.
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Tributyltin levels of 2-5 ^ ug/l are reported to be lethal 
to oysters, and levels as low as 0.1 /ig/1 may kill common 
mussel larvae (Beaumont and Budd, 1984). '
The tributyltins are so toxic to marine animals in 
general, that the government has recently found it necessary 
to ban the sale of TBT paints for use on small boats (Anon, 
1987; Anon, 19 8 8 ) .
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3.2 MATERIALS AND METHODS
3.2.1 Preparation of materials for immersion:
El a s t o m e r s :
The elastomeric compositions used in this study were
formulated by M r .B.C.Ochiltree (A.R.E, Holton Heath, .Poole, 
Dorset.). All were made under supervision, whilst at A.R.E, 
Holton Heath (25th to 27th January, 1984).
Three different elastomers (see table 3.1 for 
compositions) were made, one without antifouling additives
(compostion 2754), one with the hercibicide, "Diuron"
(composition 3332), and another containing both "Diuron" and
tributyltin oxide (compostion 3127). "Diuron" is also known 
as D.C.M.U or by its chemical name 3(3,4 - dichlorophenyl)-1,1 
dimethyl urea (Hill and Wright, 1978), and its structure is 
given below in Figure 3.1.
Figure 3.1 : "Diuron".
/ CH3 NH CO N C CHg
This herbicide has been tried as a co-toxicant in a 
cuprous oxide-based antifouling paint with good results; it 
has a relatively low water solubility and a high toxicity to 
plantlife, being a potent inhibitor of the Hill reaction in 
photosynthesis (Pettis et al_. , 1977). Experiments with
Amphora coffeaeformis have shown however that "Diuron" is not
54
an adhesion inhibitor for this diatom (Cooksey and Cooksey,
1986).
The raw materials (the functions of constituent materials 
in the elastomer mix are given in table 3.2.) for each 
elastomer were mixed for 20 minutes on an open mill with
cold rollers. The order of addition to the mill was as
f o l l o w s :
(first) "Neoprene GW"
Stearic acid & zinc oxide (mixed before
a d d i t i o n )
T.M.T.D
"Octamine"
("Diuron" if required)
"Maglite-D" .
(last) "philblack S R " , "Circosal 410" and TBTO (if 
latter is required) (mixed before addition)
After milling, each elastomer mix was left for 24 hours to 
"mature" before curing in a "Schubert" press (mould pressure 
2000 P.S.I.) for 20 minutes at 153°C (This is a 90% cure 
determined for the basic mix (composition 2754) using a 
"Monsanto" rheometer). On removal from the mould the hot 
6 "X 6 " X 1/10" elastomer sheets were cooled by plunging into 
cold water, dried with absorbent material, then placed in 
plastic bags until required.
All elastomer surfaces were cleaned prior to immersion. 
Due to the chemical and physical nature of these elastomers, 
only a very brief rinse in trichlorethane, followed by 
immediate (to avoid absorption) air drying, could be 
e m p l o y e d .
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TABLE 3 . 1 . : Composition of elastomers in parts per hundred 
rubber.
COMPONENT
2754
ELASTOMER
3332 3127
NEOPRENE GW 100 100 100
PHILBLACK SRF (1 ) 60 60 60
STEARIC ACID 1 1 1
ZINC OXIDE 5 5 5
OCTAMINE (2 ) 2 2 2
TMTD (3) 1 1 1
MAGLITE "D" (4) 4 4 4
CIRCOSOL 410 (5) 10 10 10
DIURON (6 ) - 5 5
TBTO (7) — - 5
1. Carbon black (filler); 2 . Octylated d i p h e n y l a m i n e .
3. Tetramethyl thiuram disulphide.; 4. Hydrated magnesium
oxide.; 5. parafinic oil. ; 6 . N - (3,4-dichlorophenyl-NN-
dimethyl u r e a ) , D.C.M.U. ; 7. Tributyltin oxide.
TABLE 3.2.: Elastomer component functions.
COMPONENT FUNCTION *
NEOPRENE GW BASE RUBBER
PHILBLACK SRF ELASTOMER REINFORCEMENT & 
COLOUR.
STEARIC ACID PROCESSING AID
ZINC OXIDE ACTIVATOR
OCTAMINE ANTIOXIDANT
TMTD ACCELERATOR
CIRCOSOL PHYSICAL PLASTICIZER(SOFTENER)
MAGLITE "D" CURING AGENT(used instead of 
sulphur to improve water 
r e s i s t a n c e )
DIURON HERBICIDE
TBTO BROAD SPECTRUM ANTIFOULANT
( * For essential elastomer ingredients, see Forman (1973), 
Stephens, (1973) and Boonstra, (1973)).
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The stainless steel used in this study was A.I.S.I. type 
316 (see table 3,3 for composition); it was obtained as a 
1/32" gauge sheet and cut into 3" X 2" coupons each having 
two M5 size holes bored at the corners of one diagonal. 
Coupon surfaces were cleaned by smoothing with 400 grade 
silicon carbide paper followed by an .ethanol rinse, an 
acetone rinse and then two rinses in deionised ("milli-Q", 
millipore) water before air drying.
TABLE 3 . 3 . : Composition of A.I.S.I type 316 stainless steel
(from : source book on stainless steels,
American society for metals, 1976).
Stainless s t e e l .
ELEMENT % ALLOY
Cr 16-18 ■
Ni 10-14
C 0.08
Mn 2.0
Si 1.0
P 0. 045
S 0.030
MO • 2-3
Fe Balance
3.2.2 Marine immersion
The elastomer sheets were mounted together in a specially 
made "Tufnel" holder (designed and supplied by Mr. N. Clark, 
A.R.E., Eastney, Portsmouth, Hants.) that allowed both sides 
of sheets to be in contact with the seawater. Stainless steel 
coupons were fixed to varnished marine plywood panels (A.R.E. 
specification) using nylon bolts and wing nuts.
57
"Tufnel" holders and marine plywood panels were bolted to 
metal frames which were hung vertically from one of the 
Admiralty rafts situated in Langstone Harbour, Portsmouth, 
Hants. All samples were held at a depth of approximately one 
metre. Details of immersion/sampling dates are given in table
3.4.
Table 3.4. : Periods of exposure and sampling dates for
materials immersed in Langstone Harbour 
(1984-1985) .
DATE OF IMMERSION DATE OF RETRIEVAL EXPOSURE PERIOD
(d a y s )
16.04.84 14
30.04.84 28
14.05.84 42
29.05.84 57
25.06.84 84
30.07.84 119
20.08. 84* 140
17.09.84* 168
19.10.84* ■ 196
12.11.84* 224
10.12.84* 252
8.01.85* 281
11.07.85* 465
12.12.85* 619
(* - stainless steel and composition 3127 only (compositions
3332 and 2754 not sampled).)
3.2.3 Collection and examination of fouled material
Fouled material was collected from the exposure site on 
the dates in table 3.4.
Fouling upon elastomeric surfaces was assessed firstly by 
visual observation (unaided and with magnifying glass) and 
then 1cm and /or 2cm diameter cores were taken (for light and
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electron microscopy) from areas of typical (and where
necessary less typical) fouling using a cork borer (cores 
were removed from one side of each elastomer sheet only and
were examined only on the surface that was first cut by the-
b o r e r ). '
A complete 3" X 2" coupon of stainless steel was collected 
at each sampling time. After visual examination, 1-1.5 c m 2 
pieces (4-8 depending on the heterogeneity of surface
fouling) were cut from the coupon (using metal cutters) for
examination by electron microscopy. The remainder of the
coupon was retained for laboratory examination including
light microscopy.
Both elastomer and stainless steel surfaces to be observed 
by electron microscopy were placed without drying into
fixative at the sampling site, and material to be used for
light microscopic observations was retained in seawater
(which was collected at the exposure site at the time of
s a m p l i n g ).
Methods used for light and electron microscopy are
detailed in chapter two, sections 2.2 to 2.4.
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14 DAYS (Early to mid April, 1984).
Up to about half of the surface of the metal coupon was 
covered by a community of intermixed stalked protozoans 
(Tintinnida) and erect green filamentous algae (Plate 1 
F ig .4). These areas tended to have accumulated more detritus 
and particulate material than less densely fouled parts where 
these algae and protozoa were scarce. In the areas free of 
the above community, low densities of diatoms and bacteria 
were found. The diatoms observed upon the surface at this 
time were all benthic types and included Amphora 
coffeaeformis var purpusilla Grun. , Cocconeis scutellum 
E h r e b .,Navicula Spp.(N.comoides (Ag.) Peragallo & N.ramossis- 
sima (Ag.) Cleve.), Nitzschia Sp.(all were solitary.) and 
Synedra f a s c i c u l a t a . Although the latter was the most 
abundant of the diatoms it was still uneven in its 
distribution; it occurred mainly in small groups which 
included "ribbons" and "rosettes" (Plate 1 Figs.l & 5) of
frustules that are indicative of surface proliferation. 
S. fasciculata frustules were usually upstanding from the 
metal surface, thus appearing to be attached by one end. No 
diatoms except S .fasciculata showed signs of physical at tac­
hment. Bacteria seen included rod-shaped and filamentous (up 
to about 30 urn long) forms. They were sometimes locally 
abundant upon areas free of other microfouling (Plate 1 
F i g . 3) but usually in the vicinity of diatoms (Plate 1 
F ig .5). The bacteria, whether short rods or filaments were
3.3 RESULTS
3.3.1 Fouling of Stainless Steel.
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PLATE 1
Fouling
Figure
Figure
Figure
Figure
Figure
upon stainless steel after 14 days immersion.
: An isolated group of Synedra fasciculata (S Y ). 
(Bar = lOO^jm) ....
: A small algal Rhizoidal growth 
(Enteromorpha Sp . ? ) . (Bar = lO^im)
: Local "abundance" of rod-shaped/filamentous 
bacteria (B) lying across the grain of the 
metal. (Bar = lO^im)
: Community of stalked protozoa (P) and fine 
filamentous algae (FA). (Bar = 47/ium)
: Rosette of Synedra fasciculata frustules ' 
(SY) and associated bacteria (B).
(Bar = 14/pm) .
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almost invariably seen positioned across the grain of the 
metal. Occasionally solitary prostrate, radiating growths of 
green and brown algae were also observed upon free areas of 
the surface (Plate 1 F ig .2).
28 DAYS (Late April, 1984).
After 28 days immersion, about twenty to thirty percent of 
the surface had been covered by closely packed formations of 
the amphipod, J a s s a . S.E.M. was directed towards parts of the 
surface free of Jassa formations which, as at 14 days, was 
separated in to areas of dense microfouling and adjacent 
areas where microfouling was of more sparse distribution. As 
before, the more heavily affected areas were those where 
algal/protozoan communities had become established, these 
areas were no denser than before but algae did show signs of 
growth with filaments extending as far as 2-3 mm from the 
surface. Achnanthes subsalsoides Hust. had replaced Synedra 
fasciculata as the dominant diatom in many areas, and could 
be seen in moderate numbers across the whole of the 
macrofouling free surface, including those areas occupied by 
the algal/protozoan communities where it occurred singly or 
in small groups of frustules (Plate 2 Fig.l). In algal free 
localities groups of Achnanthes subsalsoides were infrequent, 
and most were attached to the metal surface by an adhesive 
stalk from a point at one end of the frustule (Plate 3 
Fig.l), but some were unusual in that they appeared to be 
attached by a stalk at each end of the frustule (Plate 2 
Fi g.3). In the sparsely fouled areas other diatoms seen
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PLATE 2
Fouling upon stainless steel after 28 days immersion.
Figure 1 : Community composed of filamentous algae (FA) 
and stalked protozoa (P). (Bar = SO^m)
Figure 2 : Higher magnification SEM of community in 
Figure 1 showing the presence of Achnanthes 
subsalsoides (A), stalked protozoa (P), 
algal filaments (FA) and particulate matter 
on the metal surface. (Bar = 50pm)
Figure 3 : Micrograph showing a specimen of Achnanthes 
• subsalsoides (A) that was attached to the 
stainless steel by two adhesive stalks (S.). 
(Bar = 10pm) •
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PLATE 3
Fouling upon stainless steel after 28 days.
Figure 1
Figure 2
: A more typical Achnanthes subsalsoides (A) 
attached to stainless steel by only one 
adhesive stalks (S). Alongside is a smaller 
diatom, Amphora coffeaeformis var purpusilla 
(AM) . (Bar lO^m)
Prostrate, Ectocarpus-like growth and 
associated bacteria (B) upon stainless 
steel. (Bar 5pm)
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included Synedra Spp., Cocconeis sc u t e l l u m , Amphora
coffeaeformis var purpusilla (Plate 3 F i g . 1),■ ■ Nitzsehia Sp.
and Navicula Spp. (as before) which were present in similar
numbers to those seen at 14 days. Also in these. areas,
growths of Ectocarpus-1ike algae were observed (Plate 3 
F ig. 2). Bacterial fouling had progressed little except at
the periphery of the Ectocarpus-like growths (Plate 3 F i g . 2), 
and although overall more numerous than diatoms remained 
inconspi cu ous.
42 DAYS (Mid May, 1984).
About fifty to sixty percent of the surface of the metal 
was covered by Jassa colonies (Plate 31 Fig.l (colour) page 
141, end of section). In J as sa-free areas, a lower proportion 
of the surface was occupied by the algal/protozoan community 
(than that previously observed), perhaps due to these parts 
being more favourable for Jassa to build upon, and thus 
having become buried under the colonial formations of these 
amphipods. Most of the J ass a-free areas were as at 28 days, 
with large areas of relatively free metal surface having 
accumulated only particulate matter and scarce microfouling, 
and with the occasional localised organism abundancies in 
some small areas.
Although there was little apparent increase in their 
numbers since 28 days the most widespread microfouling 
organisms were the diatoms, whilst in terms of surface area 
covered, growths of ectocarpalean algae were dominant - some 
covered areas as large as 30, 000-40,000  ^ um2 (Plate 4, fig.l).
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PLATE 4
Fouling upon stainless steel after 42 days immersion.
Figure 1
Figure 2
Figure 3
: Prostrate Ect ocarpus-like algal growth 
across the metal surface. (Bar = 4(^um)
: Firmly attached and upstanding frustules of 
Synedra Sp. . (Bar = lO^im)
: Frustules of Licmorphora abbreviata 
attached to the surface of stainless steel 
by means of a branched mucous stipe (S). 
(Bar = 2(^um)
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Diatoms observed included Synedra Sp., Achnanthes 
s u b s a lsoi de s, Navicula S p p . (as before) and Cocconeis 
scutellum and also the hither-to unobserved Licmophora 
abbreviata A g . which was upstanding upon long stalks attached 
to the metal surface (Plate 4 Pig . 3). Synedra Sp. appeared to 
be the most abundant of the diatoms, occurring either singly 
or in small groups (Plate 4 F i g . 2). Bacterial fouling was 
still generally little in evidence. ■
57 DAYS (Late May, 1984).
After' '57 days the steel surface was almost completely 
covered by colonies of Jassa forming a layer which was up to
about 4mm thick in places. Low numbers (2-3 per coupon) of
the gymnoblastic hydroid Tubularia (T. indivisa ?) could be 
seen extending out from the Jassa formations (Plate 32 Fig.l 
(colour) page 143, at end of section). .
T.E.M observations of sections taken from the base of the 
fouling layer in plane with the metal (about 1 ^ m  from the 
surface), revealed the continuing presence of the Ectocarpus- 
like brown algal growths. Commonly associated with these
algae were large numbers of bacteria, some of which were
enclosed within a layer of polysaccharide material which was 
bound to the outer surface of the algal cell walls (Plate 5 
Fig.l). Most of the bacteria observed appeared to be rod­
shaped, and had typical gram negative ultrastructure (Plate 5 
Fi g . 3). Bacteria were sometimes seen attached to material 
resembling that of the outer layers of the algal cell walls 
(Plate 5 F ig .2) suggesting perhaps that these bacteria had
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TEM of fouling upon stainless steel exposed for 57 
d a y s .
PLATE 5
Figure 1 : TEM of part of an Ec tocarpus-like alga with 
a large number of associated bacteria (B). 
(Algal cell wall (CW), polyphenols (PO), 
Chlorplast (C), membrane bound vesicles (V), 
Plasmodesmata (PD), mucilage (M).) (Section 
taken approx 1-3/im from base of fouling 
layer, in a plane parallel to the metal 
surface.) (Bar = 2/um)
Figure 2 : Bacteria (B) bound to sloughed algal outer 
cell wall layers (SL) and caught up with 
mineral particles (M) in a matrix 
polysaccharide (P). (Section details as for 
Fig. 1) (Bar = 2^m)
Figure 3 : A gram negative bacterium showing cell wall 
(CW), cell membrane (CM), internal cytoplasm 
(CY), nucleoprotein (N) and storage 
materials (S). (Section details as for 
Fig.l) (Bar = l^m)
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been removed from algal surfaces by the sloughing of these 
outer layers. Within some algal growths, bacteria appeared 
to have penetrated through cell walls into single cells and 
were present within the cellular space around the periphery 
of the shrunken cytoplasm in which the chloroplasts and 
densely staining polyphenol containing vesicles were no 
longer visible (Plate 6 Fig.l). Less frequently entire 
algal growth systems were affected, and bacteria had 
multiplied within the bounds of the remaining cell walls 
(Plate 3 Fig.l). The bacteria observed within these dead 
cells had similar ultrastructures to those seen in 
association with apparently healthier, intact cells (compare 
Plate 5 Fig.l with Plate 7 Fig.l). Whether or not these 
bacteria are truly phytopathogenic is unclear, but it would 
seem likely that they were merely attacking dying or dead 
cells that had suffered from lack of light or other factors 
due to the presence of the thick overlying layer of materials 
comprising the Jassa formations. On algae-free areas of the 
surface, occasional discreet colonies of densely growing 
bacteria were seen (Plate 6 Fi g . 2), these seemed to contain 
related bacteria that had multiplied to produce these 
colonies. These bacteria were of different ultrastructural 
types to those seen near the Ect oc ar pus-like growths (Plate 5 
Fig.l). In some regions, densely staining apparently 
structureless filaments were caught up in exopolymer-like 
material (Plate 6 F i g . 3), whilst in others diatoms and 
bacteria shared the surface and were under a loose film 
composed of bacteria and mineral particles which were
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PLATE 6
TEM of fouling on stainless steel after 57 days.
Figure 1 : Part of a prostrate brown algal growth 
showing bacteria (B) around the cytoplasm 
(CY) within a ruptured cell and bound up in 
polysaccharide (P) attached to cell surface 
nearby. (Section taken Aprrox 1-2 urn from 
base of fouling; plane of sectioning 
parallel to metal surface.) (Bar = 2^im)
Figure 2 : Part of a colony of similar (Coryneform ?)
bacteria bound together by an extracellular 
polysaccharide material (P). Note the quite 
large amounts of reserve (storage) material 
(R) present in most cells. (Section details 
as for Fig. 1) (Bar = l^im)
Figure 3 : Polysaccharide (P) bound filamentous
structures (F). (Section details as for Fig. 
1) (Bar = l^am)
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PLATE 7
TEM of fouling upon stainless steel after 57 days 
i m m e r s i o n .
Figure 1 : A non-osmicated cross section through an 
area of fouling composed of a layer of 
loosely connected bacteria (B) and mineral 
particles (M), overlying diatoms (D) and 
bacteria (some filamentous (F)) at the base 
of the film. (Section plane perpendicular to 
that of metal surface from which the fouling 
was removed.) (Bar = 2pm)
Figure 2 : A cross section taken near the base of the 
Jassa colonial formations, showing the high 
density of bound particulate mineral (M) and 
a small colony of bacteria (Arrowed). These 
bacteria appeared to have a 2-layered cell 
wall - a characteristic of coryneform 
bacteria. (Section details as for Fig. 1)
. ( B a r  = 4ttm)
Figure 3 : A cross section through part of the Jassa
formations at about 2mm from the metal
surface, showing polysaccharide bound 
mineral (M) and bacteria (B). (Plane of
sectioning parallel to plane of metal
surface.) (Bar = 2pim)
Figure 4 : Part of an amoeboid organism present in the 
uppermost levels of the Jassa formations. 
(Section details as for Fig. 1) (Bar = 4pm)
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presumably positioned in, and spacially separated by a 
polysaccharide matrix (Plate y Fig.l) that had not become 
visible with stain.
In most of the volume of the film which was closest to the 
surface, and in particular those parts where there was higher 
densities of organisms, particulate clay mineral was little 
in evidence.
However, higher up in the film (15-20^ m  and further from 
the surface) heavy aggregations of these mineral components 
were observed within the polymer matrix (Plate *7 F ig. 2). 
Bacteria appear more scarce in these areas, generally 
occurring as single cells or in small colonies of similar 
cells within spaces as defined by encapsulating mineral 
(Plate 7  F ig .2) .
Sections through the Jassa colonial formations higher in 
the fouling layer (about 2mm from the metal surface) look 
similar to those just described (Plate 7  Fig.3). As well as 
bacteria other organisms found in the higher reaches of the 
film included low numbers of diatoms, amoeboid organisms 
(Plate ~l Fig.4) and flagellates.
84 DAYS (Late June, 1984).
By 84 days, most of the Jassa colonial formations had 
become detached and lost, leaving only about ten percent of 
the surface still under these structures (Plate 31 F i g . 2 :
colour plate at end of section). In some parts sloughing of 
Jassa colonies appeared to have removed substantial amounts 
of fouling (leaving the metal almost bare in places), whilst
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PLATE 8
TEM of fouling upon stainless steel after 57 days 
i mm e r s i o n .
An "infected" brown algal growth system, showing 
bacteria (B) and some remainiong cytoplasm (C Y ) within 
the disrupted cells. Note the decayed state of the 
cell walls (CW) in the upper left hand part of the
micrograph as compared with the intact walls (with
plasmodemata (PL)) at the lower right hand part. Note 
also the presence of bacteria within "lytic zones" (L) 
in the cell wall material - indicating their ability to 
produce extracellular enzymes capable of degrading the 
algal cell walls. (Section plane parallel to that of 
the metal surface from which fouling was removed;
Section approx l-2um from metal surface.) (Bar = 2^m)
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in other areas much bound up particulate material remained 
upon the surface.
Light microscope observations of material scraped from the 
Jassa and particulate fouling revealed the presence of high 
numbers of motile ciliated protozoa (mainly species
resembling E u p l o t e s ,Peritromus and U r o n e m a , which are all
bactivorous (Sieburth, 1984).) . Amoeboid organisms were also 
seen. Frequent almost continuous greenish patches of quite 
dense growths of tube dwelling diatoms (Navicula S p p . ) and 
occasionally what appeared to be young filaments of 
Enteromorpha were observed over most of the surface, and 
dotted amongst this were darker (sometimes brownish) patches 
where other algal filaments, diatoms and particulates were 
present in greater density. In some areas algae were
associated with stalked protozoans (Plate 9 Fig.l) in 
communities which, except for the virtual absence of 
Achnanthes su bs a l s o i d e s , were similar to those seen at 28
days. The most recurrent diatom types at the surface were no 
longer Synedra Sp. and A.subsalsoides that had been most 
frequent prior to surface coverage by Jassa colonies, indeed 
these diatom types now appeared quite scarce over most of the 
surface. It seemed as if Cocconeis scutellum (Plate 9 
F i g . 4) and Amphora coffeaeformis var purpusilla (Plate 9 
F ig .5) had preferentialy recolonized the newly exposed areas. 
Cocconeis scutellum was the more abundant of these diatoms 
and was particularly prevalent at the periphery of 
Ec tocarpus-1ike growths (Plate 9 F i g . 3) where Amphora , 
seemingly prefering areas of higher particulate fouling, was
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PLATE 9
SEM of fouling upon stainless steel after 84 days 
i m m e r s i o n .
Figure 1 : Stalked protozoans. (Bar = 20um)
Figure 2 : Varieties of the diatom Cocconeis 
scutellum (CO) overlying or surrounded by 
Ectocarpus- 1 ike growths (E). (Bar = 14pm)
Figure 3 : Ectocarpus-like growths (E) and associated 
Cocconeis scutellum (CO) on the metal 
surface (S). (Bar = 40pm)
Figure 4 : Cocconeis s c u t e l l u m . (Bar = 14pm)
Figure 5 : Frustules of Amphora coffeaeformis var ■
purpusilla (A) associated with particulate 
matter. (Bar = 14 ^ m )
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uncommon. C_;_ scutellum appeared to have thrived due to this 
association, yet these diatoms also seemed to be competing 
for space with the Ect oca rp us-like growths and were often 
surrounded or even dislodged from the metal surface by them 
(Plate 9 Fi g . 2). In places filaments of the cyanobacterium 
Phormidium were also present at the film base (Plate 13 
F ig. 4, page 94).
On the surface that could be seen by SEM the brown algal 
growths present were larger and more numerous than those 
observed at 42 days, and they occurred upon most TEM sections 
taken off the base of the fouling layer (Plate 10 Fig.l). No 
evidence of bacterial attack was evident within or around 
these algal growths although a variety of bacterial types 
were seen within the mucilage filled spaces between the 
algal cells. Most of the algae observed appeared to have 
fewer of the densely staining storage vacuoles seen within 
similar algae at 57 days, perhaps indicating that they were 
younger growths or possibly more/less physiologically 
stressed. Some of these algal growths had produced upstanding 
filaments which were often initially bound together within 
mucilage (Plate 10 F i g . 2) gradually becoming free standing 
and separated from one another the further they grew from the 
surface in to the higher reaches of the fouling film (Plate
10 F i g . 3). High numbers of the tube dwelling diatoms (Plate
11 Figs.l & 2) were present within parts of the film away 
from the surface, and these were often associated with 
upstanding algal filaments (Plate 11 F i g . 3). Usually only 
mineral particles and low numbers of bacteria were
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PLATE 10
TEM of Ecto ca rpus-like growths on stainless steel after 
84 days immersion.
Figure 1 : Prostrate, Ectoc ar pus-like growths (Section 
taken Aproxx lum from base of fouling; plane 
of sectioning parallel to that of metal 
surface.) (Bar = S^im)
Figures 2 & 3 : Transverse section through erect
filaments of E c to carpus -like algae. 
Figure 2 shows the filaments close to 
where they arise from the prostrate 
growths. (Fig. 2 Bar = 3um ; Fig. 3 Bar 
■ = 2/um)
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Plate 11
Upper "levels" of the fouling film upon stainless steel 
after 84 days immersion.
Figures 1 & 2 : Tube dwelling diatoms (Navicula
c o m o i d e s ) (Fig. 1 Bar = 2um ; Fig. 2 
Bar = 2/pm)
Figure 3 : General view of part of upper fouling
layer showing (in cross section) erect 
filaments of ectocarpalean algae (E), 
Navicula comoides (N) within their 
mucilaginous tubes (/iT), mineral 
particulates (M) and bacteria (B). (Bar 
= ^um)
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associated with the outer surfaces of the diatom 
mucilaginous tubes, but lower down in the film, Cocconeis 
scutellum (Plate 12 F ig.2) and unidentified electron dense 
filamentous structures (Plate 12 Fig.l) could be seen around 
them. These filaments, although fairly common near the 
film base were not present at levels higher in the film. On 
sections cut parallel to the metal surface, close to the film 
base, they often appeared shorter or curving in such a way as 
to suggest that they were arising from the surface itself 
(Plate 12 Fig.l). In unosmicated sections they always 
appeared as hollow tubes (Plate 13 Fig.l),and when osmicated 
they were usually so densely stained that no structure could 
be seen within them, although occasionally their interior 
could be seen to consist of longitudinally arranged strands 
(Plate 13 Fig . 2).
119 DAYS (Late July, 1984).
By 119 days the stainless steel had begun to display signs 
of deterioration other than due to fouling growths,with the 
build up of rust-like corrosion products along parts of the 
coupon edges.The surface of the coupon had a range of fouling 
algae upon it,the dominant genera were E c t o c a r p u s ,U l v a ,and 
P o l y s i p h o n i a .Lower numbers of Ente r o m o r p h a ,C l a d o p h o r a ,and 
Callithamnion were also seen (Plate 31 Fig.3 (colour) page 
141, at end of sect i o n ).Much of the metal surface was seen to 
be covered by extensive growths of prostrate filaments (Plate 
14 Figs.l & 3) or rhizoidal systems of these algae (Plate 14 
F i g . 2).
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PLATE 12
TEM of fouling on stainless steel at 84 days.
Figure 1 : Panoramic view of fouling (Section parallel 
to metal surface) close to the metal 
surface, showing Navicula Sp. (N) within 
mucilage tubes, Ec toc arpus -like algae (E) 
- and numerous polysaccharide (P) bound darkly
stained, filamentous structures (F) that 
appear to be arizing from the surface. Note 
also the diversity of bacteria (B) present 
amongst the larger fouling organisms and 
structures including empty diatom frustules 
(DF) . ( Bar  = J^im)
Figure 2 : The centre of this micrograph shows the
lower raphe (R) bearing value (LV) of 
Cocconeis s c u t e l l u m , some internal structure 
is visible to the right hand side of the
raphe (ie:- the envelope-like pyrenoid (P)).
To the left of the raphe mucilage (MT) and
bacteria (B) associated with the outside of 
the frustules are visible. Another specimen 
of Cocconeis scutellum is visible to the 
right,whilst to the left of the micrograph 
is part of a mucilage tube (T) in which a 
diatom probably a Navicula Sp. (N) is 
present. (Bar = S^im)
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PLATE 13
Fouling upon stainless steel after 84 days immersion.
Figure 1
Figure 2
Figure 3
Figure 4
: A micrograph of a non-osmicated section 
showing the previously observed filaments 
(F) as hollow tubes bound up in 
polysaccharide (P). (Fouling sectioned in a 
plane parallel that of the metal surface 
from which it was removed approx lum away.) 
(Bar = 2pm)
: Micrograph of an osmicated section showing 
longitudinal striations within filament (F) 
(Section details as for Fig. 1) (Bar = l^um)
: Hollow structures (the above filaments in 
cross-section ?) bounded by a dense 
polysaccharide matrix (PMX) that appears 
quite separate from the surrounding more 
loosely reticulated matrix. (Section from 
base of fouling ; section plane 
perpendicular to plane of metal surface.) 
(Bar = l^m)
: A sheathed (S) filamentous cyanobacterium, 
Phormidium S p . ,surrounded by bacteria (B) 
and mineral particles. (Section details as 
for Fig. 1) (Bar = 2/um)
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PLATE 14
Fouling upon stainless steel after 119 days immersion.
Figure 1
Figure 2
Figure 3
Figure 4
: Part of an Ectocarpus-like alga and 
associated bacteria (B) and unidentified 
filaments (F) (algal cell wall (CW); 
chloroplast (C); vesicles containing 
phenolic material (V); Nucleus (NU) pyrenoid 
(PY); Plasmodesmata (PL).) (Section cut 
parallel to plane of metal surface from 
which fouling was removed; section lum from 
metal surface.) (Bar = S^m)
: Algal Rhizoids. (Section details as for Fig. 
1) (Bar = 5^ 1 m)
: SEM of a densely growing "mat" of 
Ectocarpus-like algae. (Bar = 2(Dpm)
: SEM of part of a polyzoan colony.
(Bar = lOO^m)
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Low numbers of acorn barnacles and erect (up to about 1mm 
tall) polyzoans (Plate 14 F i g . 4) were present ,as were 
small, solitary, sessile tunicates (Class Ascidiacea, 
U r o c h o r d a t a ) .
Diatom fouling was of roughly the same proportions and
types as that seen at 84 days,with CL_ scutellum and tube
dwelling Navicula S p p . dominant, although in some places free 
of algae Synedra S p . had become established (Plate 15 
F i g . 3).A feature of the fouling that was not seen by SEM at 
84 days was the long (40-100 yam) filaments (Bacterial?) which 
arose from the surface in some locations (Plate 15 F i g . 3).
At the base of the fouling film, types of algae and 
bacteria and their populations  appeared quite similar to 
those of previous months (Plate 14 Figs.l & 3) with no major 
differences apparent. TEM observations of parts of the 
fouling in cro ss- section revealed that in many areas the 
continuous microfouling film directly, overlying the 
metal, was still very thin. In most areas observed, the film 
thickness was 10-30 yam (Plate 15 F i g . 2) ,although in some 
parts (where only bacteria and diatoms were present) the film
thickness was as little as 6-8 yam (Plate 16 Fig.l) (It should
be noted however that the methods of specimen preparation do 
result in some specimen shrinkage). The former figure also 
applying to areas covered by prostrate brown algae or where 
upstanding algal filaments and diatom mucilage tube 
formations were above giving a greater apparent depth to the 
fouling.
As previously observed, the microfouling organisms are
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PLATE 15
Fouling upon stainless steel after 119 days immersion.
Figure 1 : TEM of a cross section (perpendicular to 
plane of metal surface) of the base of the 
very bottom of the film (FM) and the 
associations of bacteria (arrowed) and 
mineral (M). Diatom frustule (D F ) remains 
are also present. (Bar = 4pm)
Figure 2 : A cross section (perpendicular to plane of 
metal surface) from an area of algal fouling 
showing the base (FM) of the fouling- 
ectocarpoid algal cells (E), associated 
mucilaginous layers (XPl and X P 2 ) and 
bacteria (arrowed). (Bar = S^im)
Figure 3 : SEM showing diatoms (Synedra Sp. (SY) and 
Cocconeis s c u t e l l u m ) and bacterial filaments 
(F) amongst non-living surface deposits. 
(Bar = 4 0pm)
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PLATE 16
TEM of fouling upon stainless steel after 119 days 
immersion.
Figure 1 : Complete cross section (perpendicular to 
plane of metal surface) of a particularly 
thin part of the fouling, consisting of
bacteria (arowed), bacterial exopolymer (BE)
and mineral particulates (M). Diatom
exopolymer (X P ) . Frustular remains (DF) 
are also evident within the mucilaginous 
polymer matrix (P). (Bar = 4^m)
Figure 2 : TEM of a section (Line joining bottom left 
and top right corners of micrograph is
roughly perpendicular to the plane of the 
metal surface.) taken from a area of non- 
algal fouling. Intact diatom (D); diatom 
frustule (DF) and exopolymer (XP); 
•unidentified filamentous structure (F) and 
associated polymer (Pi); Bacteria (arrowed) 
and mineral (M) are also present in the 
polymeric matrix (P) of the film. (Bar = 
3 ^ )
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bound within a poorly staining polymer matrix which 
itself made up a major proportion of the volume of the 
film. This matrix appeared fairly uniform and was presumably 
composed of the mixed polymer secretions of diff er ent’ 
organisms. It appeared to impart a smoother outward surface 
to the fouling and did not seem to have bound and/or 
attracted the larger clay mineral components that are often 
associated with microfouling organisms and appeared different 
from the deeper staining exopolymer materials that some of 
them had produced. The latter type of staining polymers had
become more prevalent since 57 days indicating perhaps, that
they perform some function(s) other than that of
adhesion/spacial separation which appeared to have been the
role of the non-staining polymers.
140 DAYS (Late August, 1984).
The macrofouling was dominated by the rich growth of 
algae that had flourished since 119 days The dominant algae 
were E c t o c a r p u s ,Polysiphonia ,Ulva (as at 119 days) and
Ca lli t h a m n i o n , examples of the latter three having grown 
considerably larger since 119 days (specimens now several 
centimetres tall).
Barnacles, polyzoans and tunicates were present as before 
and low numbers of Caprella (amphipoda) were observed upon 
the existing fouling layer which appeared to have remained 
intact since 119 days (light microscope observations of 
surface scrapings confirmed the continuing presence of
microfouling organisms that were seen at 119 days).
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168 DAYS (Mid September, 1984).
Between 140 days and 168 days the appearance of the 
macrofouling community had changed considerably (Plate 32 
Fig. 2 (colour) page 143 , end of section). All that remained 
of the algae (that were the predominant fouling at 140 
days) was Ectocarpus and a few small Polysiphonia and U l v a . 
Replacing the algae as the dominant visible fouling were 
various fouling animals including acorn barnacles, simple 
tunicates, and large numbers of larval Caprella (Amphipoda). 
The latter appeared to have used the larger algae as a 
nutrient source. Also present were low numbers of polyzoans 
(as seen at 119 days) and serpulid tube worms.
As at 140 days, only limited SEM and TEM observation were 
undertaken. These revealed a continuing presence of the 
prostrate brown algal (e c t o c a r p o i d ) growths over relatively 
large areas of the metal surface (Plate 17 F ig .3). At other 
locations cross sectioning displayed low densities of mixed 
bacteria and diatoms loosely bound up within the mixed 
polymer matrix. Strands of dense (or densely staining) 
mineral (Plate 17 Fi g.2) and other material were often 
observed at the periphery of the film in these locations 
(Plate 17 Fig.4). It appeared that the existing surface 
microfouling layer had not been drastically altered by the 
presence of animal fouling and would thus appear to have been 
quite stable. Diatoms present amongst the other fouling 
mainly included C . s c u t e l l u m , Amphora coffeaeformis var 
purpusilla and Navicula Spp. .In the higher parts of the 
film, diatoms fell prey to protozoans (Plate 17 Fig.l).
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PLATE 17
TEM of fouling upon stainless steel after 168 days 
i m m e r s i o n .
Figure 1 : Diatom frustular remains (DF) within ■ a 
vacuole (V) within the cytoplasm of a 
protozoan present within the outer fouling 
layer. Also visible within the cytoplasm are 
storage vesicles (S), mitochondria (MI), the 
nucleus (NU) and the Golgi apparatus (G). 
(CW = wall layer exterior to the cell). (Bar 
= l^m)
Figure 2 : TEM showing the layered structure of some of 
the larger mineral "strands" within the 
fouling. (Bar = 1pm)
Figure 3 : Brown algal cells (containing much 
polyphenolic material) at the base of the 
fouling. (Section plane parallel to that of 
metal surface ; approx l^im away.) (Bar = 
^ m )
Figure 4 : TEM showing bacteria and strands of mineral 
mineral. (Bar = 3^m)

196 DAYS (Mid October, 1984).
Acorn barnacles and tunicates were present in similar 
numbers to those seen at 168 days although the previously 
large population of Caprella (Amphipoda) was very much 
reduced. A new feature of the visible fouling was the 
moderate numbers of hydroids (upstanding, about 1 cm tall) 
that had grown up since 168 days. Macroscopic algae were 
still little in evidence, with only small specimens of U l v a , 
Polysiphonia and Chondrus present in low numbers. Virtually 
all of the area free of barnacles and tunicates was covered 
by a brownish- green film of fairly uniform thickness. SEM 
observations showed that this consisted of many small algal 
filaments (up to about 200 ^ m  tall), around which were 
accumulations of diatoms forming an almost continuous layer 
over much of the surface (Plate 18 Fig.l). The dominant 
diatoms were Amphora cof feaeformis var purpusilla and a small 
variety of Cocconeis scu t e l l u m , both of which were 
par ticularly abundant near erect algal filaments (Plate 18 
F i g . 2). In some areas where the fouling layer was thin, 
these diatoms were less frequent and here unicellular 
cyanobacteria (up to about 7 ^ m  diameter) dominated the 
fouling (Plate 18 F i g . 3 and Plate 19 Fig.l). In some parts, 
the fouling film was seen in cross section to be composed of 
fairly distinct tiers. Where brown algae were present they 
were usually at the base of the film (Plate 19 F ig.3 and 
Plate 20 F i g . 2) or very close to it, overlying a thin film of 
algal/bacterial products in which bacteria (some in small 
colonies) were found (Plate 21 Fig.l). Immediately above the
106
Fouling upon stainlesss steel after 196 days.
PLATE 18
Figures 1 &
Figure 3 :
2 : Filamentous algae (FA) and associated 
diatom population consisting of Amphora 
coffeaeformis var purpusilla (AM) and 
Cocconeis scutellum (CO) (F= bacterial 
filament ?). (Fig. 1 Bar = 40pm; Fig. 2 
Bar = 2 0pm)
An area of the surface colonised by 
cyanobacteria (CY) and diatoms mainly 
Amphora coffeaeformis var purpusilla 
(AM ) . (Bar = 40pm)
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PLATE 19
Fouling upon stainless steel after 196 days immersion.
Figure 1 : Unicellular cyanobacteria (CY) and diatom 
(D) fouling including Amphora coffeaeformis 
var purpusilla (AM) upon the metal surface 
(S) . (Bar = lO^im)
Figure 2 : TEM (of a section taken perpendicular to the 
plane of the metal surface) showing a colony 
of cyanobacterial unicells (C Y ) within their 
exoploymer materials (P). Closeby is an 
associated bacterial colony (BC ). At the 
base of the fouling is an ectocapalean algal 
cell (E) . (Bar = 2/um)
Figure 3 : TEM (of a section taken perpendicular to the 
metal surface) showing cells of ectocarpoid 
algae (E) and associated mucilage (Pi) at 
the base (F M ) of the film. Overlying these 
algae are algal cell wall remains (CWR) 
(containing bacteria (arowed) and
particulate materials), and above or instead 
of the latter are diatoms (D) or their 
remains (DF) and more mucilaginous polymeric 
material (P), probably largely of diatom 
origin. (Bar = S^m)
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PLATE 20
TEM of fouling upon stainless steel after 196 days
immersion.
Figure 1 : TEM (Section taken perpendicular to plane of 
metal surface.) showing the very base (FM) 
of the fouling to consist of bacteria 
(arrowed), particulate materials (PT) and 
algal cell wall remains (CWR). Overlying 
this are potentially viable diatoms (V) and 
ectocarpoid algae (E). (Bar = 5^im)
Figure 2 : TEM (Section taken perpendicular to plane of 
metal surface.) of the lower part of the 
fouling film. (FM = film base; E =
ectocarpoid alga; Mu = algal mucilage; SL = 
sloughed algal cell walls; BC = Bacterial 
colony; CY = Cyanobacterial unicell; P =' 
exopolymer.) (bar = 2^am)
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PLATE 21
TEM of fouling upon stainless steel after 196 days 
i m m e r s i o n .
Figure 1 : TEM of fouling (plane of sectioning
perpendicular to plane of metal surface), 
displaying the apparent "layered" structure 
resulting from the spatial separation of 
different organism groups. At the very base 
(FM) of the fouling layer are bacteria 
(arrowed), often within colonies (BC), 
amongst the products of overlying growths 
of prostrate ectocarpoid algae (E) (CW =
cell wall; Mu = mucilage; C = chloroplast; 
PO = polyphenolic material; PY = pyrenoid). 
Above the algal "layer"; are more bacterial 
within a matrix of (largely algal) 
extracellular polymer that appears to
gradually intermingle (See areas Pi and P 2) 
with mucilage (DM) produced by overlying
diatoms (D) (Amphora Sp.). Bacteria
(arrowed) are present amongst the diatom
mucilage and upon the surface of the latter 
are particulates of mineral (M).
(Bar = 4pm)
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algae was a slime layer of variable thickness containing 
bacteria, cyanobacteria, sloughed off algal material and 
mineral particles. Above this middle slime layer, at the top 
of the fouling film were bacteria and numerous diatoms which 
had produced their own mucilaginous secretions over the 
existing slime (Plate 21 Fig.l). Where brown algae had not 
grown across the surface (or were no longer present), the
middle slime layer became the lower tier in a two tiered
system (Plate 20 Figs.l & 2). Some times cyanobacterial
colonies were so large that they extended virtually right 
through this lower layer (Plate 19 Fig.2). The thickness of 
the whole continuous microfouling layer (including 
ectocarpoid algae where present), whether two or three
tiered, was mostly observed on TEM sections to be between 25 
to 40 ^ jum.
224 DAYS (Mid November, 1984).
The fouling visible upon the stainless steel surface at 
224 days resembled that observed at 196 days in having
similar populations of barnacles, serpulids and hydrozoans. 
Caprellid amphipods were now no longer present, and simple
brown tunicates were over 10 to 15 percent of the metal
surface (Plate 32 F i g . 3 (colour) page 143, end of section).
252 DAYS (Mid December, 1984).
Most of the steel surface was covered by a colourful and 
diverse assemblage of tunicates, which included large brown 
single and colonial forms, small orange or transparent 
colonial types and several varieties of botryllid tunicates.
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All these tunicates were either overlying or around other 
animal fouling which included barnacles, serpulids and 
hydrozoans that had persisted since 224 days.
In the few small areas free of tunicates and other animal 
fouling it was possible to observe the top layer of 
microfouling by S E M . This revealed the presence, in most of 
these places, of heavy slimes of intermixed particulate 
matter and diatoms mainly C_;_ scutellum and A_;_ coffeaeformis 
var purpusilla (Plate 22 Fig.l). Filamentous algae were 
little in evidence in these places. At some localities the 
metal surface was exposed, probably due to the detachment of 
algal growths from it, as some left what appeared to be 
imprints of their prostrate growth systems in remaining 
adherent exopolymer material (Plate 22 Fig.3). Large numbers 
of coccoid bacteria were sometimes associated with this 
material, the bacteria mostly appearing to be situated 
underneath it suggesting that once they may have been below 
living algae (Plate 22 F i g . 4). Similar bacteria were seen in 
aggregates near diatoms upon the exposed surface (Plate 22 
Fig . 2). Other bacteria observed included various rod forms, 
including some with tapering ends (C y t o p h a g a c e a e ? ) on the 
exposed metal (Plate 23 Fig.l), and filamentous bacteria 
occasionally arising from the diatom slime.
Observations of the base of the fouling layer underlying 
the tunicates showed in many places a continuing presence of 
apparently healthy algae, although mostly only within 
relatively large areas where the remains of similar yet 
decayed algae were present (Plate 23 F i g s . 2 & 3). These
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PLATE 22
SEM of fouling upon stainless steel after 252 days
im m e r s i o n .
Figure 1 : Diatom slime consisting of Cocconeis 
scutellum and Amphora cof feaeformis var 
purpusilla, their extracellular mucilaginous 
products and intermixed particulate debris. 
(Bar = 4 0/um)
Figure 2 : Specimens of a Cocconeis Sp. (CO) (C.
guarnerensis (Grun.) A.Schmidt ?) that had 
recolonised the exposed surface (S). (A = 
aggregated particulates/bacteria; PM = 
particulate material) (Bar = lO^im)
Figure 3 : General view of imprints remaining in
mucilaginous deposits left behind after the 
sloughing of an algal growth system.
(Bar = 20/pm)
Figure 4 : Higher magnification of part of the area of 
figure 3 showing imprints (IM) in mucilage 
and the presence of associated coccoid 
bacteria. (Bar = lO^m)
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PLATE 23
Fouling upon stainless steel after 252 days immersion.
Figure 1 :
Figures 2 &
C yt ophaga-like bacteria upon the 
exposed metal surface. {Bar = 2^am)
3 : TEM (Section plane parallel to plane of 
metal surface approx 5um away.) showing 
particulate materials (PM)
cyanobacteria (CY) and bacteria 
(arrowed) amongst algal cell wall 
remains (CWR) that were present at the 
bottom  of the fouling, below tunicates. 
(Fig. 1 Bar = 6^ 111; Fig. 3 Bar = 6^ im)
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algal remains usually consisted of fragments of cell wall 
materials that had resisted degradation and these were 
dispersed amongst other particulates and bacteria (Plate 23 
F i g . 3). Larger, more complete, cell wall remains tended to 
retain bacteria and disrupted cellular components (Plate 23 
Fi g . 2 and Plate 24 Fi g . 2). Filamentous structures (as
previously seen) were present in some parts at the base of 
the fouling. Associated with these was a fairly dense
exopolymer matrix which had a more granular appearance 
compared to the matrix observed elsewhere (Plate 24 Fig.l).
Potentially viable diatoms appeared scarce at the bottom 
of the fouling layer and yet were predominant within the 
slime observed at the top of the fouling, suggesting that the
layered nature of the biofilm as observed at 196 days had, at
least in part, remained.
Although barnacles appeared to be in contact with the 
metal surface, other animal fouling did not. Tunicates for 
example, were never observed at the very base of the film, 
but did appear more distally overlying the microfouling 
(Plate 24 F i g .3).
281 DAYS (Early January, 1985).
As at 252 days, tunicates still dominated the 
m a c r o f o u l i n g , the most prevalent types were transparent 
greenish grey and brownish coloured colonial forms (Plate 33 
Fig.l : colour plate at end of section). Other animal fouling 
was also largely unchanged since 252 days, except for the 
presence of a few feather-like hydroid colonies.
121
PLATE 24
TEM of fouling upon stainless steel after 252 days
i m m e r s i o n .
Figure 1 : Unidentified filamentous structures (F) and 
associated polymeric material (P). (Section 
plane parallel with that of metal s u r f a c e ; 
approx 4yim away from metal.) (Bar = l^m)
Figure 2 : Unidentified filaments (F), and diatom (D) 
(Cocconeis Sp. ?) associated with remains of 
an algal rhizoid (AR) containing bacteria. 
(Section details as for figure 1.) (Bar = 
8yjm)
Figure 3 : TEM (Section taken in a plane perpendicular 
to the plane of the metal surface.) showing 
part of a tunicate with bacteria (B) close 
to its undersurface. (Approx. IChim from 
metal surface.) (Bar = 8^im) '
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The microfouling layer underlying the tunicates mostly 
appeared to be in the region of 20 to 2 5 thick. At the
base of this layer apparently viable algae were still present 
in some places (Plate 25 Figs.l & 2). The cells of some types 
of (less common) algae had produced many outer wall layers, 
forming concentric rings around themselves, this possibly 
being a defence mechanism against bacteria which were
occasionally seen to have penetrated these structures 
(Plate 25 Fig.l). As at 252 days, it was the recalcitrant 
algal remains (mainly cell wall materials) that dominated the 
film base (Plate 25 F i g s . 2 & 3 and Plate 26 Figs.l & 2). In
all parts of the microfouling layer where algae were present 
these remains together with the sloughed off materials seemed 
to contain the growth of bacteria and restrict the extension 
of their colonies (Plate 25 Figs.l, 2 & 3).
The three tiered structure of parts of the microfouling 
film as seen at 196 days (see Plate 21 Fig.l, page 114)
appeared to have degenerated following the further loss of
viable algae at the film base. In many areas the part of the 
microfouling film extending upwards to about 10 ^ um from the 
metal surface (Plate 26 Fig.l) consists of dead algae and 
overlying empty diatom frustules, and this appeared to be the 
remains of tiering that had collapsed as the overlying 
microfouling (a film comprising mainly diatoms (predominantly 
Amphora and C o c c o n e i s ), bacteria and mineral particulates) 
became thicker, more developed and covered by tunicates.
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PLATE 25
TEM Of 
immersion
Figure 1
Figure 2
Figure 3
fouling upon stainless steel after 281 days
: Algae (A) some with many concentric wall 
layers (CWL) and associated bacteria 
(arrowed). (Section parallel to plane of 
metal surface, approx. 3nm away.) (Bar = 
S^pm)
: TEM of a section parallel to the plane of 
the metal surface (lum away), showing an 
algal cell (A), and algal cell wall remains 
(C W R ) containing particulate material (PM) 
and bacteria (arrowed); BC = bacterial 
colony). (Bar = 4pm)
: Algal cells, wall remains, fragmented wall 
remains, and bacteria (Section details as 
for Fig. 2.). (Bar = 5^m)
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PLATE 26
TEM of fouling upon stainless steel after 281 days
i m m e r s i o n .
Figure 1 : Remains of the tiered fouling structure 
observed at 196 days. Decayed algae at the 
film base and overlying empty diatom 
frustules. (Section perpendicular to plane 
of metal surface.) (Bar = 4,um)
Figure 2 : Algal cell wall remains (CWR) and bacteria 
(arrowed) at the base of the fouling (FM = 
film base). (Sectioning details as for Fig.
1) (Bar = S^jm)
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465 DAYS (Mid July, 1985).
By 465 days the fouling upon the stainless steel coupons 
had undergone yet another dramatic change with the 
reappearance of colonial amphipods (J a s s a ). These animals 
had built up a matted fouling layer (up to about 2 cm thick) 
around upstanding tufts of numerous feather-like hydroid 
colonies (Plate 33 Fi g.2 : colour plate at end of section).
The feather-like sessile thecate hydrozoa observed resembled 
Kirchenpauria p i n a t a .
As at' '281 days, the layer of fouling nearest the metal 
surface was dominated by the decayed remains of algae that 
had once thrived there (Plate 27 Figs.l & 2). Associated 
with this were generally low numbers of solitary bacteria, 
these sometimes occurring within fibrous masses of relatively 
deeply staining exopolymer material that were bound to the 
remaining eukaryote cell wall structures (Plate 27 Figs.l &
2). Decaying cyanobacterial filaments were also sometimes 
seen in this layer (Plate 28 Fig.3), but the only evidence of 
diatoms were the occasional remains of their frustules. Much 
apparently free space was visible in this layer since 
virtually all of the particulate debris that was present here 
at 281 days had gone (Plate 27 Figs.l & 2 and Plate 28 
Fig.l). In the few areas where systems of intact algal cells 
were seen they appeared to contain more membrane bound 
vesicles than in previously observed algae, and some cells 
stained much more densely than others (Plate 27 Fig.3). 
Slightly elevated numbers of bacteria were evident in areas 
adjacent to these algae.
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PLATE 27
TEM of fouling upon stainless steel after 465 days
i m mersion.
Figure 1 : Bacteria (arrowed) within polysaccharide 
materials (PI & P2) associated with algal
cell wall remains (C W R ). (section details as 
for fig. 3) (Bar = 5pm)
Figure 2 : Algal cell surrounded by cell wall remains 
(CWR) and associated bacterial po lysaccha­
ride (bacteria arrowed). (DF = diatom 
frustule; C = c h l o r o p l a s t ). (Section
details as for fig . 3) (Bar = 2yam)
Figure 3 ; Algae (containing much polyphenolic
material, P O ) and bacteria (arrowed) at
base of fouling. (DF = diatom frustule; C = 
chloroplast; V = vesicles). (Sectioned 
parallel to plane of metal surface; approx 
3pm away.) (Bar = 8pm)
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PLATE 28
TEM of fouling upon stainless steel after 465 days
immersion.
Figure 1 : Algal cell wall remains (CWR) and
surrounding spaces (IS) in which only low 
densities of bacteria (arrowed) are present. 
(Bar = 7 1^111) .
Figure 2 : Bacterial colony (BC) and polysaccharide
(P) associated with algal cell wall remains. 
Note the virtual absence of particulate 
matter (Section details as for Fig. 3).
(Bar = 2/pm)
Figure 3 : Bacteria (arrowed) inside a decaying 
Cyanobacterial filament. (Section plane 
parallel to that of surface; Approx lum from 
surface. ) (Bar = 2/um)
Figure 4 : Part of a decayed tunicate. (Bar = 4/pm)
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There did not appear to be a layer of viable tunicate 
fouling overlying the zone of algal decay as was seen at 281 
days, instead decaying remains of these animals (Plate 28 
F i g . 4 and Plate 29 Figs.l & 2) extended upwards to about 100 
^um or more to where the amphipod fouling layer began .
619 DAYS (Mid December, 1985).
As at 465 days animal fouling dominated the surface. The 
erect hydrozoan colonies seen at 465 days were no longer 
present although numbers of Tubularia and smaller hydroids 
were seen. Much of the matted tube-like amphipod formations 
had been lost revealing underlying barnacles, serpulids and 
areas of bare metal. Pink coloured colonial tunicates were 
observed over some of the remaining amphipod tube formations 
(Plate 33 Fig.3 : colour plate at end of section).
Extensive TEM observations were not undertaken at this
time, although parts of the film base from around and 
underneath the tunicates was examined. Intermixed mineral 
particulates and bacteria were present in most of these
areas. The bacteria here were usually solitary and in low 
numbers overall . No intact viable looking algal cells were 
seen at the film base, although in some areas algal cell wall 
remains were observed. Unlike in those remains seen at 465 
days, the cell spaces contained relatively large numbers of 
bacteria within a matrix of poorly staining exopolymers 
(Plate 30 Figs.l & 2). Densely packed bacterial colonies were 
particularly prevalent at the periphery of these areas
(adjacent to the mineral/bacterial matrix) some of the
134
PLATE 29
TEM of fouling upon stainless steel after 465 days
imm e r s i o n .
Figure 1 : Lytic bodies (L) released from decaying 
tunicates, and bacterial attack and 
penetration (bacteria are arrowed) of diatom 
mucilage (DM) around diatom frustular
remains (DF). (M = mineral). (Section
details as for Fig. 2 except base of 
micrograph is approx. lS^m from metal
surface.) (Bar = 3,um)
Figure 2 : The decayed interior of part of a tunicate.
(Section taken perpendicular to metal 
surface; the bottom of the micrograph is 
approx. 25/um from the metal surface.)
(Bar = 2/um)
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PLATE 30
TEM of fouling upon stainless steel after 619 days
immersion.
Fi gur e 1 : Algal cell wall remains (CWR) and associated
bacterial growth (bacterial colonies are
arrowed) and exopolymers (BP). (AD =
Amoeboid organism) (Section taken parallel 
to plane of surface, at a distance of
approx. 2/um. ) (Bar = 3^m)
Figure 2 : Algal cell wall remains (CWR) encapsulating
bacteria (arrowed) and their exopolymer
materials (BP) (Section details as for Fig.
• 1 )  . ( B a r  =  5^1111)
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colonies appeared to have remained in their original
positions as the cell walls were degraded to nothing around 
them (Plate 30 Fig.l).
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PLATE 31
Colour pictures of fouling upon stainless steel.
Figure 1 : Jassa S p . (J) and their colonial formations 
(FT) upon the metal surface (MS) at 42 days.
Figure 2 : Fouling present after showing remaining 
Jassa formations (FT) and areas of 
dense algal-diatom colonization (arrowed).
Figure 3 : Mixed algal fouling at 119 days.
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PLATE 32
Colour pictures of fouling upon stainless steel.
Figure 1
Figure 2 
Figure 3
: Jassa S p . and their colonial formations upon 
stainless steel at 57 days. Visible fouling 
also included Tubularia S p . (TU).
: Macrofouling at 168 days was dominated by 
squirts (S) and acorn barnacles (A).
: Fouling after 224 days immersion.
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PLATE 33
Colour pictures of fouling upon stainless steel.
Figure 1
Figure 2
Figure 3
: Tunicate fouling at 281 days consisted 
mainly of colonial forms.
: The thick fouling present at 465 days 
was mostly composed of matted Jassa Sp. 
colonial formations and hydrozoa (HY).
(J = Jassa S p . )
: Animal fouling at 619 days included serpulid 
tube worms (SE), acorn barnacles (AB), colo- 
-nial tunicates (T) and Tubularia Sp.
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PLATE 34
SEM of fouling upon elastomers surfaces after 14 days
im m e r s i o n .
Figure 1 : SEM of composition 3332 showing the presence 
of fine particulate material upon its 
surface. (Bar = 10pm)
Figure 2 : Surface of composition 2754. (Bar = 10pm)
Figure 3 : Region on compostion 3332 that had been 
colonized by bacteria (ar r o w e d ).(Bar = 10pm)
Figure 4 : Prostrate algal growth upon compostion 2754. 
(Bar = 10pm)
147
3.3.2 Fouling of Elastomer S u r f a c e s .
14 DAYS (Early-Mid A p r i l , 1984).
After 14 days immersion, differences between the fouling 
properties of TBTO-containing and TBTO-free elastomer 
compositions were already becoming apparent.
To visual observation, fouling was little in evidence upon 
composition 3127 and, except for a single compact cluster of 
five very small acorn barnacles, the whole elastomer surface 
looked very much as it did before immersion. Barnacle 
colonization had progressed further upon compositions 3332 
and 2754 which, by this time, had acquired low density (1-2 
c m 2 ) growths of young acorn barnacles across their surfaces. 
In addition to being more numerous, barnacles observed on the 
latter compositions were also about twice as large as those 
found upon composition 3127.
Closer examination of composition 3217 by SEM revealed 
that virtually all of the surface crystaline material (as 
seen on pre-immersion surfaces) had gone (Plate 34 fig.l), 
presumably as a result of dissolution into the surrounding 
seawater, leaving visible many small holes (usually up to 
about 0.5pm diameter) in the surface (similar to those on 
parts of the other elastomers). In some areas where the 
crystals were still present,, the elastomer surface was quite 
rough and this appeared to have influenced particulate 
deposition in these localities ( Plate 34 Fig.2). Crystal 
free areas appeared very much like the surfaces of 
compositions 2754 and 3332, which had far less accumulations
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of particulate matter and little microfouling (Plate 35 
Figs.l & 2).
Bacteria, the dominant microfouling organisms, were 
unevenly distributed upon all surfaces. Whilst large areas 
were relatively free of bacterial fouling other areas had 
fairly dense assemblages (compare Figs.l and 3 Plate 35). 
Almost all bacteria observed were rod-shaped, although 
distinct forms were apparent and, where bacteria occurred 
in relatively high densities, they were usually all of the 
same morphological type (Plate 36 Fig.l) suggesting possible 
surface growth. Diatoms were present in very low numbers 
upon composition 3127, yet frustules of several types were 
observed including (in descending frequency) Navicula 
ra m o s s i s s i m a , Fragillaria S p . , Thalassiosira Sp. (Plate 36 
F i g . 2), Coscinodiscus S p . , Nitzschia S p . , Amphora 
coffeaeformis var purpusilla, Gyrosigma Sp. and Pleurosigma 
S p . . The diatoms were almost invariably solitary and caught
up in particulate matter, some had damaged frustules, and 
none showed any signs of physical attachment or growth. This, 
and the occurence of planktonic genera (such as Thalassiosira 
and C o s c i n o d i s c u s ) seems to indicate that the majority were 
non-living (light mic roscope observations of surface 
scrapings confirmed this. ) and probably arrived on the 
surface by means other than a positive attachment process 
(ie:- deposited as part of heterogeneous aggregates).
Diatoms were less frequent and less diverse upon 
compositions 2754 and 3332 as compared to those on 
composition 3127. Diatoms seen on composition 3332 (Navicula
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PLATE 35
SEM of surface of composition 3127 after 14 days
i m m e r s i o n .
Figure 1 : Bacteria (B) and particulate matter (PM) 
upon the elastomer surface (E S ). Note the 
presence of holes (H) perforating the 
surface. (Bar = lC^um)
Figure 2 : Crystalline (TBTO antifoulant) material (CM) 
remaining upon composition 3127 after 14 
days exposure, with surrounding particulate 
matter and rough elastomer surface (ES).
. (Bar = 4 0/um)
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Figure 1 : Localised bacterial fouling. (Bar = 2jam) 
Figure 2 : Frustule of Thalassiosira Sp. (Bar = 5jam)
PLATE 36
Fouling upon composition 3127 after 14 days.
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ramossissima and Nitzschia species) mainly appeared dead. The 
diatom flora of composition 2754 was largely composed of 
solitary Navicula S p p . (N_;_ comoides & N . r a m o s s i s s m a ) although 
occasionally solitary Fragilaria were also observed. Low
numbers of small prostrate algal growths were also observed 
on composition 2754 (Plate 35 F i g . 4). Light microscope 
examination of scrapings revealed apparently viable diatoms.
28 DAYS (Late April, 1984).
Compared to 14 days there was no visible change in the
macrofouling upon composition 3127, but further colonization 
and growth of existing individuals had contributed to the
greater densities of barnacles upon compositions 2754 and
3332. No heavy sliming was observed upon any of the 
elastomers although areas of 3127 having heavy accumulations 
of debris and par ticulates appeared under the SEM to have a 
fine silty slime film (Plate 37 F i g . 2).
Most of the surface of composition 3127 had collected much
less material appearing more like in Figure 3, plate 37.
As previously noted, microfouling organisms were more in 
evidence in areas of higher particulate coverage.
Bacteria were still the dominant forms although numbers 
appeared to have increased very little since 14 days. Active 
diatom fouling was not evident, but occassional species of 
S k e l e t o n e m a , M e l o s i r a , C o c c o n e i s , Grammatophora and 
Mastogloia were observed in addition to those previously 
s e e n .
Differences in the development of microfouling in areas
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PLATE 37
Fouling upon composition 3127 and 3332 at 28 days
i m m e r s i o n .
Figure 1 : stalked protozoan upon composition 3332, 
(Bar = 4 0^um)
Figure 2 : Part of surface of composition 3127 showing 
local accumulation of particulate matter 
(PM), including a diatom frustule (arrowed), 
and a fine silty slime layer (SL) over the 
elastomer surface (ES). (Bar = 20^m)
Figure 3 : Surface of composition 3127. (Bar = lOnm)
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between the barnacles upon compositions 2754 and 3332 have 
now become evident. During the 14 days since the previous 
sampling there had been no obvious progression of 
microfouling upon composition 3332 except for the appearance 
(as on composition 2754) of extremely low numbers of stalked 
protozoans (Plate 37 Fig.l).). On composition 2754 however 
there were slight increases in both bacterial and diatom 
populations. Navicula ramossissima (Plate 37 F i g . 2) was the 
dominant diatom upon the surface, although low numbers of 
solitary Gocconeis scutellum (Plate 38 Fig.l) and Achnanthes 
subsalsoides had also appeared by this time.
42 DAYS (Mid May, 1984 ) .
After 42 days immersion the surface of composition 3127 
had acquired a fine greyish coloured layer of slimy material 
(Plate 51 Fig.5 (colour) page 192, end of section), and the 
small barnacles (previously observed at 14 and 28 days) had 
gone from the panel. Microscopically, the surface appeared 
very much as it did at 28 days, with little evidence of 
viable microfouling except for bacteria. Barnacles fouling 
composition 2754 had become much denser, more numerous and 
visibly larger than previously observed. Barnacle fouling 
upon composition 3332 exhibited trends similar to, but less 
pronounced than those upon 2754. A few solitary growths of 
the hydrozoan Tubularia were observed upon composition 3332 
for the first time since immersion. Colonies of stalked
protozoa (Plate 39 Fig.l) were also seen upon composition
3332 in low numbers. The bacterial presence upon the
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Figure 1 : Cocconeis scutellum (Bar = 5pm) 
Figure 2 : Navicula ramossissima (Bar = 4pm)
PLATE 38
Diatoms upon compostion 2-754 after 28 days.
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PLATE 39
Fouling
3332.
Figure 1 
Figure 2
Figure 3
Figure 4
upon 42 day immersed compositions 2754 and
: Protozoa on composition 3332. (Bar = lOO^m)
: Bacterial filaments (BF) and associated 
mucilage (M) present on composition 3332. 
(Bar = 5^m)
: Amphora coffeaeformis var purpusilla and 
prostrate algal growths (top right corner) 
upon composition 2754. (Bar = 5^un)
: Cocconeis Sp. attached by a mucilaginous 
pad (arrowed) to the surface of composition 
2754 . (Bar = S^im)
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composition 3332 surface had become more evident, with the 
fairly common patches of mucilaginous material and associated 
bacterial filaments (Plate 39 F i g . 2). These bacterial growths 
were not seen upon compositions 3127 and 2754. Whilst diatom 
fouling had not progressed at all upon compositions 3127 and 
3332, that upon 2754 had begun to show signs of permanence 
with the production of mucilaginous attachment pads by 
Cocconeis scutellum (Plate 39 F ig.4). Navicula Spp. were 
still present, although now in lower numbers relative to C . 
scutellum and Amphora coffeaeformi s var purpusilla (Plate 39 
Fig. 3) was observed for the first time upon -2754. Small 
prostrate algal growths (Plate 39 F i g . 2) were also observed 
upon composition 2754.
57 DAYS (Late May, 1984).
Whilst some areas of the surface of compositon 3127 still 
remained untouched by microfouling, the areas of silty slime 
had expanded to cover slightly more of the total surface 
area. Another layer of more loosely connected fouling had 
grown out over much of the slimed surface. This consisted 
mainly of particulate material and fine upstanding bacterial 
filaments (Plate 40 Fig.l). In places, growing out from and 
above these more heavily affected areas, a few larger 
Leucothrix filaments (Plate 40 F i g s . 3 & 4) were observed. 
Occasionally solitary Achnanthes subsalsoides (Plate 40 Fig 
.2),Navicula ramossissma or Nitzschia Sp. could also be seen 
caught up in this material. Unlike on composition 3127 where 
mac rofouling was still not evident, growth of barnacles had
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PLATE 40
Fouling upon composition 3127 after 57 days immersion.
Figure 1
Figure 2
Figure 3
Figure 4
: Particulate fouling over slime on elastomer 
surface. (Bar = lOuirt) •
: Achnanthes subsalsoides in an area of 
particulate fouling. (Bar = 5pm)
: Leucothrix filament (LF) arizing from an 
area of particulate fouling (background). 
(Bar = 2 0pm)
Point of attachment of Leucothr ix filament 
(LF). Note slime layer over elastomer 
surface (E S ) and overlying particulate 
material (PM). (Bar = 10pm)
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continued upon the other compositions (Plate 52 Fig.l 
(colour) page 194, at end of section). The hydrozoan 
Tubularia had colonized composition 2754 but specimens were 
smaller and fewer in number than those seen at 57 days on 
composition 3332. Diatom fouling had become more evident
between barnacles upon 2754, with localised abundancies of C . 
scutellum (Plate 41, Fig.4) and "sheet-like" mucilage 
covered algal growths (Plate 41 F i g . 3). Bacteria were also 
locally numerous (Plate 41 Fig.l) and generally more 
widespread, perhaps having been stimulated as a result of the 
increased algal activity. In some areas where little 
microfouling was perceptible, fairly thick slime was observed 
(Plate 41 Fig . 2). Microfouling upon composition 3332 had
not altered from that at 42 days.
84 DAYS (Late June, 1984).
With almost total coverage of barnacles upon compositions 
2754 and 3332, SEM observations were limited to even smaller 
spaces between them. Bacterial populations had increased 
enormously and there was a greater diversity of morphological 
types upon both compositions' surfaces.
On composition 2754 dense a Leucothrix-protozoan community 
was seen in some areas (Plate 42 Fig.l), and bacterial 
proliferations, particulate aggregations and associated 
exopolymer slime materials appeared to have "over-run", the 
existing diatom communities (Plate 43 F i g s . 3 & 4), and 
in places discrete masses of what appeared as stringy slime­
like material (bacterial origin ?) completely covered the
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PLATE 41
Fouling upon composition 2754 after 57 days immersion.
Figure 1 
Figure 2
Figure 3
Figure 4
: Surface fouling by bacteria (B). (Bar = 5^im)
: Slime layer (SL) observed on parts of 
surface (S). (Bar = l^um)
: Collapsed prostrate algal growth system and 
associated mucilage. (Bar = 2^um)
: Localised abundance of Cocconeis
scutellum (CO) on composition 2754 after 57 
days. (Bar = 40/um)
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PLATE 42
Fouling upon composition 2754 after 84 days immersion.
...Figure 1
Figure 2
Figure 3
Figure 4
: An area of mucilaginous material. 
(Bar = 25pm)
: "Stringy" nature of material shown in Fig. 
1. (Bar = 10pm)
: Slime covered particulate aggregations (SA) 
and bacteria (B). (Bar = 5pm)
: Cocconeis S p . (CO) within an area of slime 
covered aggregates. (Bar = S^m)
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PLATE 43
Fouling upon composition 3332 after 84 days immersion.
Figure 1
Figure 2
Figure 3
Figure 4
: SEM of elastomer surface showing a mucilage 
covered area and protozoa (arrowed) at its 
periphery. (Bar = 200/pm)
: Higher magnifi cation SEM of mucilaginous 
material in Fig. 1, showing its "stringy" 
nature. (Bar = 20^im)
: A  Caulobacter Sp. (CB) attached by a fine
prostheca (P) to the elastomer surface. The 
polarly inserted prostheca is characteristic 
of the genus C a u l o b a c t e r . (Bar = 5^im) •
: Stalked protozoa on composition 3332 after
84 days exposure. (Bar = lOOjjm)
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surface (Plate 43 Figs.l & 2). These aggregations were also 
observed upon composition 3332 (Plate 44 Figs.l & 2).
Numerous stalked pro tozoans (Plate 44 Fi g.4) and Ca ulobac te r- 
like stalked bacteria (Plate 44 Fi g . 3) were widespread and 
locally prevalent on the surface of composition 3332. The 
surface of composition 3127 looked very similar to how it 
did at 57 days, except for the greater numbers of 
Le ucothrix-like filaments (mostly around 40-500nm long) 
arising from it (Plate 42 F i g . 2). These, mostly solitary, 
filaments were generally fairly evenly scattered across both 
slimed and unslimed areas although denser growths were 
observed in some slimed locations (Plate 45 Fig.l). The
occasional stalked protozoan was also observed upon slimed
parts (Plate 45 F i g . 2). Algal fouling on composition 3127 
was extremely scarce and was typified mainly by the 
filamentous green alga Ulothrix (Plate 51 F i g . 2 (colour) page 
192, end of section), although apparently viable Achnanthes 
were also observed amongst surface scrapings examined by
light microscope.
119 DAYS (Late July, 1984).
Due to the very heavy Barnacle fouling of compositions
2754 and 3332, SEM investigations of these surfaces were 
discontinued. Visual observation of composition 3127 revealed 
that much of the surface was now covered by a greenish grey 
film which appeared to incorporate material of a more 
granular nature (Plate 51 Fi g . 6 (colour) page 192, at end of 
section) compared with that seen on previous samples.
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PLATE 44
Fouling upon composition 2754 and 3127 after 84 days
i m m e r s i o n .
Figure 1 : Community of Leucothrix Sp. (L) and
stalked protozoa (P) seen on parts of
composition 2754. (Bar = lOO^pm)
Figure 2 : A solitary Leucothr ix filament arizing from 
the surface of composition 3127. (Bar = lO^ pm)
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PLATE 45
Fouling upon composition 3127 after 84 days immersion.
Figure 1
Figure 2
: A particularly dense area of Leucothrix 
filaments (L). (Bar = lOO^m) .... ..
: A stalked protozoan (P) and Leucothrix 
filaments displaying characteristic
entwining. (Entwined filaments (EF), single 
filament (SL). ). (Bar = 20/pm)
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Two largely spatially separated microfouling assemblages 
were evident, one composed of the flora (as described 
previously at 84 days) of the "slimed" areas and the other, 
a new community, of mainly diatoms and blue-green algae 
(Cyanobacteria) situated upon much of the areas which 
appeared to have previously been almost free of microfouling. 
The small unicellular cyanobacteria were growing in flat, 
mat-like mucilaginous aggregations (Plate 46 Figs.2 & 3)
which appeared to have formed as a result of growth and 
eventual fusion of discrete colonies.
Scattered throughout these masses and around the smaller 
colonies of cyanobacteria were moderate numbers of A. 
subsalsoides (Plate 46 F igs.2 & 3) which were attached to the 
surface by mucilaginous stalks. Stalked protozoans were also 
found in these areas (Plate 46 Fig . 2) but were not 
ubiquitous. As stated earlier the two communities were 
usually separated by areas of relatively little microfouling 
but in at least one location A^ _ subsalsoides and 
cyanobacteria had encroached on to the periphery of a 
"slimed" area of surface (Plate 46 Fig.l).
140 DAYS (Late August, 1984).
Except for the further expansion and growth of the 
previously described cyanobacterial masses, the fouling upon 
composition 3127 had not altered since the 119 days sample.
168 DAYS (Mid September, 1984).
The weight of barnacle growths upon compositions 2754 and 
3332 had increased so much by this time that they had caused
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PLATE 46
Fouling upon composition 3127 after 119 days immersion.
Figure 1 : Surface of composition 3127 where the 
community at the periphery of a "slimed" 
area had become invaded by Achnanthes 
subsalsoides and cyanobacteria. '
(Bar = 20 0^um)
Figure 2 : Small group of stalked protozoa (P) arizing 
from an area which had become extensively 
colonised by cyanobacteria (C Y ) and to a 
lesser extent, Achnanthes subsalsoides (A). 
(Bar = 50nm)
Figure 3 : Achnanthes subsalsoides (A) distributed 
around small cyanobacterial colonies (C Y ). 
(Bar = 5 0,um)
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these elastomers to stretch and sag in their holders (Plate 
52 Fig . 2 (colour) page 194, at end of section). The panel of 
composition 3127 was still free of barnacles, with only small 
tufts of Tubularia growing upon areas around which cores had 
been removed (These areas allowing growth probably as a 
result of depletion of antifoulant through increased 
dissolution.). On some parts of the panel dark brown blotches 
were visible (Plate 51 F i g . 3 (colour) page 192, at end of 
section). These represented localised proliferations of A . 
subsalsoides (Plate 47 Fig.l) which was also present in 
elevated numbers in other non-discoloured areas of the 
surface compared to 119 days. There was little other 
development in the microfouling communities upon the 
elastomer surface except for the appearance of low numbers of 
solitary Amphora coffeaeformis and localised yeast colonies 
upon the clearer areas (Plate 47 F i g . 2). The yeast cells 
(Plate 47 Fig. 3) were 2 to 2.5>jm in diameter and had a 
smoother surface than the larger (up to about lOum diameter) 
cyanobacteria (Plate 47 F i g . 4).
196 DAYS (Mid October, 1984).
After 196 days the surface of composition 3127 was 
completely covered by microfouling and detritus/particulate 
materials. Thread-like (bacterial?) filaments (about lum 
diameter) and particulate material, dominated parts of the 
surface which had not been affected by other microfouling 
(Plate 48 Fig.l). Microfouling communities in other areas 
remained unchanged from those observed at 168 days.
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PLATE 47
Fouling upon composition 3127 after 168 days immersion.
Figure 1
Figure 2
Figure 3
Figure 4
: Dense growth of Achnanthes subsalsoides 
which appeared as dark brown blotches on 
composition 3127 at 168 days.
(Bar = 40ym)
: SEM of part of the surface showing the 
Achnanthes subsalsoides (AC) and Amphora 
coffeaeformis var purpusilla (AM) and 
numerous yeasts (Y). (Bar = 20yjm)
: Higher magnification of yeasts seen in Fig. 
2. (Bar = 4^am)
: Cyanobacterial unicells on composition 3127 
at 168 days. (Bar = 4^m)
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PLATE 48
Fouling on composition 3127 after 196 days and 224
days immersion.
Figure 1 : Thread-like structures and particulate 
material on parts of surface free of other 
fouling at 196 days. (Bar = 40pm)
Figure 2 : Part of an upstanding chain of tube- 
forming Navicula incerta about which the 
mucilaginous tube has collapsed. On 
composition 3127 at 224 days.
(Bar = 10pm)
Figure 3 : Tangled mass of Navicula incerta on 
composition 3127 at 224 days.
(Bar = 100pm)
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224 DAYS (Mid November, 1984).
The specimens of Tubularia observed upon composition 3217 
at 168 and 196 days were no longer present, and some silt­
like material (with associated bacteria and diatoms) had 
collected at the base of the panel (Plate 52 F i g . 3 (colour) 
page 194, end of section). The only other visible evidence of 
fouling was the dark brown or olive brown discolourations due 
to profuse diatom growth in localised areas. Not all these 
discolourations were due to growths of Achnanthes Sp. as 
they had been at 196 days. The lighter, olive-brown parts 
being due to dense proliferations of tube dwelling Navicula 
incerta Grun. (Plate 48 F i g . 3), which grew up in masses of
tangled chains (some several hundred microns long) apparently 
disrupting the existing surface microfouling communities 
(Plate 48 F i g . 3). Areas of the surface unaffected by these 
diatom communities appeared as they did at 196 days.
252 DAYS (Mid December, 1984).
The microfouling communities upon composition 3127 are 
still largely as they were at 224 days. The small areas of 
discolouration due to growths of N_^ _ incerta (Plate 49 Fig.l) 
had expanded, and in places several types of cyanobacteria
were present. These included moderate numbers of reddish-
purple and yellowy-brown unicells similar to those seen 
previously (P l e u r o c a p s a ? ) and a few examples of a sheathed 
trichrome forming P h o r m i d i u m -like cyanobacteria. TEM of in 
situ cyanobacteria was possible (Plate 49 F i g . 2) revealing 
small colonies, with large numbers of associated bacteria,
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PLATE 49
Fouling upon composition 3127 after 252 days immersion.
Figure 1
Figure 2
Figure 3
: "Chains" of Navicula incerta about which 
their mucilage tubes have collapsed.
(Bar = 20^jm)
: Transmission electron micrograph of a thin 
section (Cut parallel to the plane of the 
elastomer surface. ) of surface fouling, 
showing P leurocapsa-like cyanobacteria and 
associated bacteria (B). (Cytoplasm (C Y ), 
cell wall (CW), sheath (S), sloughed sheath 
(SS), thylakoids (T)). (Bar = l^im)
: TEM of surface fouling on composition 3127 
after 252 days showing cyanobacteria (C Y ), 
detached sheaths (S), bacteria (B) and 
exoploymer (P). (Bar = 3^am)
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some within enclosures which were probably of cyanobacterial 
origin (Plate 49 F ig.3).
281 DAYS (Early J a n u a r y ,1 9 8 5 ) , 465 DAYS (Mid July, 1985) and 
619 DAYS (Mid December, 1985).
The fouling on composition 3127 at 281 days was very much
the same as at 252 days, with no visible evidence of
macrofouling organisms, but by 465 days m a c r o f o u l i n g , in the 
form of barnacles and Jassa colonies, had colonized much of 
the surface (Plate 52 F i g .4 (c o l o u r ) page 194,end of section).
The surface of the "uncored" 3127 panel put out one month 
later than the above was also fouled in a similar way at that
time (Plate 51 Fig.l (colour) page 192, at end of section).
Macrofouling free areas of the "cored" 3127 panel appeared 
mainly as in figures 2 and 3 (Plate 50), with the 
cyanobacteria/Achnanthes subsalsoides communities dominating 
the surface; these having overun most areas of exclusively 
bacterial fouling. The localised proliferations of A. 
subsalsoides and tube-dwelling N .incerta (Plate 50 Fig.l) 
were still present.
By 619 days the surface of composition 3127 had got even 
more heavily fouled (Plate 52 Fi g . 5 (colour) page 194, end of 
section) by the existing types of macrofouling plus small 
colonial tunicates. It did however remain free of the heavy 
growths of the large tunicates that had colonized 
compositions 2754 and 3332 at 465 days.
PLATE 50
Fouling upon composition 3127 after 465 days immersion.
Figure 1 :
Figure 2 &
Diatom mucilage tubes (MT) arizing from 
the elastomer surface. (Bar = 40/um)
3 : Cyanobacteria/Achnanthes community.
(Fig. 2 Bar = 50um, Fig. 3 Bar = 40^im)
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PLATE 51
Colour pictures of fouling upon elastomeric surfaces. 
(A,B and C refer to compositions 2754, 3332 and 3127 
r e s p e c t i v e l y )
Figure 1 : Fouling upon the uncored elastomer sheets at 
465 days.
Figure 2 : Light micrograph of (arrowed) Ulothrix Sp.
(U.pseudoflacca ?) in surface scrapings from 
from 84 day immersed composition 3127.
(DO = diatom remains?)
Figure 3 : Core taken from 168 day immersed composition 
3127 showing dark brown areas upon the surf- 
-ace due to localised diatom growth.
Figure 4 : Light micrograph of the green alga Ulothrix 
in surface scrapings from 168 day exposed 
composition 3127.
Figure 5 : Surface of composition 3127 after 42 days 
i m m e r s i o n .
Figure 6 : Greenish-grey granular material (G) upon the 
surface of composition 3217 after 119 days. 
(SA = area wiped free of surface fouling)
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PLATE 52
Colour pictures of fouled elastomers.
(A, B and C refer to compositions 2754, 3332 and 3172 
respectively)
Figure 1 : Barnacles and Tubularia Sp. upon compositi- 
-ons 2754 and 3332 after 57 days. No m a c r o ­
-fouling was evident upon 3127 at this time.
Figure 2 : After 168 days immersion heavy barnacle 
fouling was present upon compositions 2754 
and 3332, whilst Tubularia Sp. were present 
only around cored areas of composition 3127.
Figure 3 : Fouled elastomers after 224 days immersion.
Figure 4 : Dense barnacle and tunicate fouling upon 
compositions 2754 and 3332 at 465 days. At 
this time composition 3127 was covered by 
barnacles and Jassa Sp. colonial formations.
Figure 5 : Fouled elastomers after 619 days immersion.
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3.4 DISCUSSION
The development of fouling was quite different on each of 
the three elastomers examined (See table 3.5 for summary). 
Most noticeable early on was the rapid colonization and 
growth of barnacles on compositions 2754 and 3332. The 
TBTO containing composition 3127 , as was expected, did 
not allow this extensive colonization and growth of 
barnacles, although a small colony of underdeveloped 
barnacles was noted on the surface at 14 and 28 days but not 
subsequently. Ochiltree (1979) has noted the transient 
appearance of barnacles on natural rubber containing 5 pphr 
TBTO after longer immersion periods - at 75 and 113 weeks but 
not subsequently. Perhaps in both these instances local toxin 
dissolution was retarded in some way - possibly as a result 
of non-homogeneous mixing giving irregular surface chemical 
composition or distribution of carbon black (filler).
The colonization and growth of microfouling upon 
compositions 2754 and 3332 occurred more rapidly than upon 
composition 3127, possibly partly as a result of the presence 
of barnacles as well as the absence of widespectrum 
antifoulant (TBTO). The presence of herbicide "Diuron" in 
composition 3332 checked the growth of algae and diatoms, and 
between 14 and 57 days, in the absence of developing diatom 
populations (as were present upon composition 2754), the 
surface of this composition acquired populations of bacteria, 
stalked protozoa and T u b u l a r i a . The absence of filamentous
3.4.1 Fouling of elastomer surfaces
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TABLE 3 . 5 : Summary of fouling succession upon elastomer
 surfaces immersed in Langstone Harbour, Portsmou-
-th (April 1984 - December 1985).{* = days;a = one 
small cluster of tiny barnacles on whole surface).
IMMERSION 
PERIOD (*)
ELASTOMER
COMPOSITION
FOULING
14 3127 Small amounts of fairly evenly 
distributed particulate matter and 
diatom debris (except in vicinity of 
remaining crystalline material where 
greater deposition was noted) : 
Sparse distributuion of rod-shaped 
bacteria generally , with localised 
greater densities usually of a single 
morpho-type and associated with, 
slightly greater densities of 
particulate matter, (a)
2754 Evenly distributed low density growth 
of barnacles (young, acorn). Areas 
around barnacles similar to that for 
crystal free areas of 3127, except 
for less diatom debris and small 
numbers of viable Navicula Sp.
3332 As for 2754, but for the absence of 
viable diatoms.
28 3127 As for 14 days, ( a ) .
2754 Medium density barnacle growths. 
Slightly elevated populations of 
bacteria and diatoms compared with 14 
days. Navicula dominant with lower 
numbers of Cocconeis and Achnanthes.
3332 Medium density growth of barnacles. 
Low numbers of stalked protozoa. 
Other microfouling as at 14 days.
42 3127 Particulate coverage slightly denser 
with fine silty slime d n  some areas. 
Microfouling as at 28 days.
2754 Denser, larger barnacle growths. 
Diatoms dominate microfouling- 
Cocconeis and Navicula with low 
numbers of Amphora.
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Table 3.5 (continued)
IMMERSION
PERIOD
(DAYS)
ELASTOMER
COMPOSITION
FOULING
42 3332 Denser, larger barnacle growths; few 
solitary Tubularia. Low numbers of 
Carchesium-like (protozoan) colonies. 
Slightly elevated bacterial numbers 
with associated mucilage.
57 3127 Larger area of surface covered by 
fine silty slime, which in places had 
become covered by upstanding 
bacterial filaments (including 
Leucothrix), coarser particulates and 
occasional entrapped Navicula, 
Achnanthes and Nitzschia.
2754 High densitys of barnacles, fee 
solitary Tubularia, diatoms generally 
more prevalent, localised abundance 
„of Cocconeis and isolated 'sheet­
like' growths of mucilage covered 
Amphora.
3332 High density of barnacles, Tubularia 
as at 42 days only larger. 
Microfouling as at 42 days.
84 3127 Leucothrix more numerous in slimed 
areas where occasional stalked 
protozoans and Ulothrix also present. 
Solitary Achnanthes present in other 
areas. -
2754 Very high density of barnacles. 
Greater number and diversity 
(morphological types) of bacteria. 
'Stringy' sliming in some areas. A 
Leucothrix stalked protozoan 
community present in some areas. 
Otherwise as at 57 days.
3332 Very high density of barnacles. 
'Stringy' sliming in areas. Stalked 
protozoa and Caulobacter-like 
bacteria widespread and locally 
numerous. '
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Table 3.5 (continued) (b = Tubularia/dense barnacle fouling)
(c = Tubularia by edges at cored areas)
IMMERSION
PERIOD
(DAYS)
ELASTOMER
COMPOSITION
FOULING
119 3127 Two microfouling communities observed 
- flora of 'slimed' areas above, and 
a new community of unicellular 
cyanobacteria and Achnanthes (with 
stalked protozoa in low numbers.).
2754 - (b)
3332 - (b)
140 3127 As at 119 days, with furhter 
expansion of cyanobacteria - 
Achnanthes community.
2754 - (b)
3332 - (b)
168 3127 Achnanthes more prevalent in all 
areas, with localised proliferations 
appeareing as dark brown blotches. 
Low numbers of Amphora and localised 
abundancies of coccoid bacteria in 
some 'unslimed' areas, (c)
2754 - (b)
3332 - (b)
196 3127 Thread like bacterial filaments, 
mucilage and particulate material in 
small areas previously devoid of 
microfouling. Other areas as at 168 
days, (c)
2754 - (b)
3332 - (b)
224 3127 As at 196 days except for localised 
olive-brown patches of densely 
growing tube forming Navicula.
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Table 3.5 (continued) (b = Tubularia/dense barnacle fouling)
IMMERSION
PERIOD
(DAYS)
ELASTOMER
COMPOSITION
FOULING
224 2754 - (b)
3332 - (b)
252 3127 Expanded Navicula growths. Other 
areas as at 224 days.
2754 - (b)
3332 - (b)
281 3127 As at 252 days.
2754 - (b)
3332 - (b)
465 3127 Macrofouling present as Jassa 
colonies, Tubularia acorn barnacles. 
Cyanobacteria - Achnanthes community 
dominates surface with localised 
proliferations of Achnanthes and 
Navicula still present. ■
2754 Sessile tunicates present in addition 
to barnacle macrofouling.
3332 Around edges some sessile tunicates 
present in addition to barnacle 
macrofouling.
619 3127 Denser macrofouling over most of 
surface (now including small sessile 
colonial tunicates). Microfouling 
present as before .elsewhere but 
silted.
2754 As at 465 days.
3332 As at 465 days.
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algae upon composition 2754 was probably due to the presence 
of dense barnacle fouling, and the rapidity with which this 
developed, circumventing the more usual fouling succession 
seen upon non-toxic surfaces. The very heavy barnacle fouling 
appeared to have been the over riding factor in the fouling 
of compositions 2754 and 3332, and after 84 days the
macrofouling of these elastomers remained similar.
Microfouling was evident upon compostion 3127 after 14 
days in the form of small isolated colonies of bacteria, but 
it wasn't until 57 days that further surface growth was
clearly evident. A slight lag before TBTO dissolution 
commenced (due to time taken for water absorbtion by the 
elastomer upon immersion) may, and or for reasons suggested 
earlier (for presence of barnacle colony), have allowed a 
short period of bacterial growth in some areas, before the 
onset of the high initial toxicant dissolution rate (observed 
in TBTO based "Neoprene" antifouling elastomers by De Forest 
et_ al_. (1974)) prevented further growth until after 42 days.
The quite heavy initial accumulation of silt and other 
particulate materials in some areas (which appeared to have 
been enhanced by the presence of antifoulant crystals at some 
of specimens of exposures) seemed to have aided the 
development of bacterial fouling after 42 days. This might 
have been partly due to the adsorption of released TBTO on to 
the accumulated materials, resulting in local:-.reduction in 
the concentration of dissolved toxin at the interface. Good 
and Dundee (1981) have noted the efficient adsorption of TBTO
on to silts, clays and organic detritus - materials that were
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accumulated upon this elastomer during the course of
immersion. By 119 days a community of Achnanthes and 
cyanobacteria had begun to develop on parts of the large
areas of surface that had remained relatively free of
particulate deposition and bacterial fouling. Probably also 
indicative of the continued reduction in toxicant dissolution 
rate with time, was the increasing presence of diatoms - 
firstly Achnanthes after 140 days, joined later by growths of 
tube-dwelling Navicula Sp.
The general pattern of microfouling upon composition 3127 
tended to be that of localised proliferation and/or 
attachment rather than evenly distributed colonization and 
growth. This could have resulted from slight differences in 
toxicant dissolution rates at different points upon the 
elastomer surface and/or the paucity of resistant organisms 
arriving at the elastomer surface.
The appearance of growths of Achnanthes and tube dwelling 
Navicula upon compostion 3127 is not entirely unexpected. 
Callow and Evans (1981) have noted that Achnanthes frequently 
dominates microfouling upon organotin based antifouling 
paints, whilst Hendey (1951) listed both Achnanthes and 
species of tube-dwelling Navicula (along with A m p h o r a ) 
amongst those diatoms that were most resistant to an 
antifouling paint system based on the dissolution of copper. 
It appears that these diatoms must also have some resistance 
to the herbicide present within composition 3127, since the 
"Diuron" appeared to have successfully checked the growth of 
Ectocarpus during the course of the observations, and
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another organotin resistant alga U l o t h r i x , was observed only 
periodically (and only after 84 days) and was either 
continually present but extremely scarce or was scarce and
short-lived in the presence of the combined toxicants.
3.4.2 Fouling of Stainless s t e e l .
The intermittent detailed observation of the fouling of
stainless steel up to 619 days revealed not only the nature 
of the fouling at the sampling times (See table 3.6 for 
summary), but also some indication of the underlying 
processes involved in the temporal progression that is often 
referred to as fouling "succession".
3.4.2.1 Overview of the fouling process on stainless steel.
The microfouling observed at 14 days (mid Ap r i l , 1984)
appeared to be quite stable and overall, only relatively 
slight changes were observed within the undisturbed 
microfouling for up to 42 days (mid April - mid M a y , 1984). 
This initial growth of microfouling was, however, susceptible 
to disruption due to coverage by Jassa colonial formations 
and continued expansion of the Ectocarpus-1 ike growths across 
the metal surface. The Ectocarpus-like growths were also
affected by the presence of Jassa colonies, appearing to d i e ­
off when covered and-becoming subjected to bacterial decay. 
Destabilization of the substantial lower algal fouling layer 
by algal autolysis and bacterial attack appears to have been 
responsible for the sloughing of Jassa formations (at 57- %
-84 days;late May-late J u n e , 1984) which left the surface
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TABLE 3.6 : Summary of the fouling succession upon stainless
  steel 316 immersed in Langstone Harbour,
Portsmouth, 1984-5.
IMMERSION 
PERIOD 
( DAYS)
FOULING PRESENT
14 The general pattern of microfouling was of 
localised abundance of organisms, separated by 
relatively large areas of metal surface that were 
clear except for the presence of particulate 
materials. Approximately 50% of the surface was 
covered by a community of stalked protozoans and 
filamentous green algae. Low densities of bacteria 
were present over the whole surface. Low densities
of diatoms and (fewer still) growths of Ectocarpus- 
like algae were present in areas free of the above 
community. Synedra was . the dominant diatom and 
tended to be locally abundant. Overall bacteria
were the most numerous organism group.
28 20-30% surface covered by Jassa Sp. colonial 
formations. Microfouling observed at 14 days still 
present. Synedra and Achnanthes dominate diatom 
fouling in ..areas free of the algal-protozoan 
community (Achnanthes was more numerous overall as 
it was also present within this c o m m u n i t y ) . Other 
diatoms (four other genera were represented) were 
present in very low numbers and Ectocarpus-like 
growths were larger than previously observed at 14 
days. Bacterial fouling was as at 14 days.
42 50-60% Surface covered by Jassa Sp. (areas of 
algal-protozoan community appeared to have become 
selectively covered). Synedra was the dominant 
diatom amongst the 7 genera present in areas free 
of Jassa Sp. .prostrate ectocarpoid growths covered 
relatively large areas of surface and bacteria were 
generally slightly more numerous. Pattern of 
fouling in Jassa free areas was similar to that at 
28 days for algal-protozoan free areas.
57 Over 90% of surface covered by Jassa Sp. 
formations that were made up -of mineral, 
polysaccharide and low numbers of bacteria, diatoms 
and algae. Below these format ions :Ectocarpoid 
growths covered much of the metal surface? bacteria 
were present in high numbers in A s s o c i a t i o n  with 
these algae, their sloughed celiAai-ls., and were 
"attacking" some growth systems. In areas where 
ectocarpoid algae were not present below the 
Jassa Sp. formations, loose diatom/bacterial films
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Table 3.6 (continued)
IMMERSION
PERIOD
(DAYS)
FOULING PRESENT
57 and occasional solitary bacterial colonies were
(c o n 't ) f o u n d .
84 Only 10% of surface still covered by Jassa Sp. ; 
where colonial formations had sloughed-off much 
particulate matter remained bound to the surface. 
Cocconeis and Amphora had become the predominant 
diatoms on the surface, with Cocconeis slightly 
more abundant especially near ectocarpoid growths. 
Ectocarpus-like growths covered more surface than 
at 57 days (much appeared to be new growth and 
there was no evidence of bacterial attack), and 
produced erect filaments about which high numbers 
of tube-dwelling Navicula were present.
119 Surface was dominated by an algal community 
comprising mainly Ectocarpus-like algae and young 
Polysiphonia and Ulva, with lesser numbers of 
C a l l i t h a m n i o n , Enteromorpha and Cladophora. Some 
animal fouling was present in the form of young 
acorn barnacles, small tunicates and a few erect 
hydroids. Generally, microfouling community was as 
at 84 days.
140 Macrofouling was similar to 119 days except for the 
larger size of U l v a ,Polysiphonia and Callithamnion, 
and the presence of low numbers of Caprella 
(Amphipoda) upon the fouling. Microfouling appeared 
similar to that at 119 days.
168 Fouling was at 140 days except that little remained 
of the larger algae which appeared to have been 
"eaten back" by the large population of larval 
Caprella that were present at this time. Tunicates 
were more in evidence and low numbers of serpulids 
were also present. Microfouling was as observed at 
140 days.
196 Only a small population of Caprellid amphipods 
present, and slightly larger numbers of hydroids. 
Other animal fouling as before. Macroscopic algae 
still little in evidence. Only smail specimens of 
Ulva, Polysiphonia and Chondr us .^'present and 
Cocconeis and Amphora were abundant over these , 
particularly where upstanding filaments had been 
produced. Often, where ectocarpoid algae were not 
present, unicellular cyanobacteria dominated the
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Table 3.6 (continued)
IMMERSION 
PERIOD 
(D A Y S )
FOULING PRESENT
196
( con't )
microfouling. In some areas cyanobacteria were 
present within a middle slime layer overlying 
ectocarpoid growths but underneath a diatom layer.
224 Fouling was as at 196 days except for the absence 
Caprellid amphipods and the presence of simple 
brown tunicates over 10-15% of the surface.
252 Fouling dominated by a colourful and diverse array 
of s i n g l e , colonial and botryllid tunicates; other 
animal fouling similar to 224 days. The "tiered" 
nature of the microfouling observed at 119 and 224 
days was retained in some areas, although the upper 
microfouling layer of Cocconeis and Amphora was 
largely covered by tunicates, and the lower layer 
of ectocarpoid algae had become degraded in many 
areas leaving cell wall remains with many bacteria 
and particulate material within and around them. In 
some places the latter process appeared to have 
resulted in sloughing of fouling layers leaving 
bare metal.
281 Tunicates continued to dominate fouling. Some 
feather-like erect hydroids were also present. 
Biofilm u l t r a s t r u c t u r e •and microfouling components 
similar to 252 days generally, although the film 
was more decayed at the base.
465 Two centimetre (approx) thick Jassa S p . colonial 
formations covered all fouling except erect 
feathery hydroids. Below this were decaying 
tunicates that were overlying the remains of the 
"tiered" microfouling film and other animal 
fouling. At the base of the fouling only the cell 
walls of ectocarpoid algae remained about which 
were much lesser amounts of particulate material 
than had previously been seen; bacteria here were 
in small isolated colonies.
619 • Most of the Jassa Sp. formations had detached from 
the surface revealing underlying barnacles, 
serpulids and in some areas bare metal. Tubularia 
present in low numbers. At the base of the fouling 
layers that remained, bacteria were present in 
higher numbers and larger colonies around 
ectocarpoid remains than at 465 days (more mineral 
particulates were also present).
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clear for recolonization by filamentous algae and diatoms.
The algal community that developed, following the loss of 
the Jassa colonial formations from the surface, was 
persistent and the subsequent invasion by animal fouling was 
slow. Although the transient appearance and reproduction of 
Caprella Sp. ( at 140 - 196 days; late August - mid
O c t o b e r ,1984) resulted in the destruction of most erect algal 
fronds and filaments (at 168 - 196 days; mid September - mid 
October, 1984) the prostrate growth systems, rhizoids and 
associated diatoms remained intact until both the increase in 
thickness of the upper nm i c r o f o u l i n g n layer and its coverage 
by tunicates (at 224 - 281 days; mid November, 1984 - early 
January, 1985) resulted in death and gradual decay of this 
algal material. Some sloughing occurred at this stage and 
later the layer of tunicate fouling became covered by Jassa 
colonial formations (seen at 465 days; mid July, 1985)and as 
a result died and was broken down. By 619 days (mid^ 
D e c e m b e r ,1985), the Jassa formations had sloughed from the 
surface, bringing to an end the accumulative phase that had 
begun before 84 days (May - J u n e , 1984), and in so doing 
allowing another to begin.
3.4.2.2 Organism interactions during fouling film development
Since this study was based upon electron microscopic 
observation of fouling developing naturally in the sea over 
progressively longer periods starting from the same point in 
time, the observations did not solely yield ultrastructural 
information concerning the spatial distribution but some
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interelationships of fouling components at these times. 
Although sometimes less obvious, some factors involved in 
temporal development became evident.
a) interaction of bacteria with diatoms and filamentous 
algae: Although bacteria did attach to parts of free metal
surface away from larger fouling organisms during the early 
stages (up to 28 days), their densities did not approach 
those observed in the vicinity of larger fouling organisms 
such as diatoms and filamentous algae. This may be a purely 
nutritional effect of high local concentration of algal 
exudates allowing more rapid growth, but it may also reflect 
the "attractiveness" of that particular location to specific 
types of bacteria that can live in association with these 
algae. The studies of Bell and Mitchell (1972) and Bell et 
a l . (1974) have shown that algal extracellular products can
have this kind of effect. Thus early in film development 
bacteria which are resistant to some algal products and able 
to utilize others, may have been "selected-for". Throughout 
the course of this study transmission electron micrographs 
have often shown that the high densities of algal associated 
bacteria possess similar shape and ultrastructural features.
Whilst film thickness is moderately thin and there is no 
coverage by animal fouling or its products the Ectocarpus- 
like algae that predominate appear to co-ex.igt , with these 
bacteria. However, should the overlying film become too thick 
or invaded by animals the prevailing conditions become less 
favourable for these algae and they begin to die-off as a
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result of the lack of light or other factors due to overlying 
organisms that may result in increased susceptibility to 
attack by associated bacteria.
High numbers of possibly antagonistic bacteria did appear 
to elicit defensive responses from algae, especially as the 
fouling film became more developed. Most filamentous algal 
growths appeared to shed their outer cell wall layers to rid 
themselves of epiphytes. Similar algal cuticular regulation 
has been noted by Tootle (1974) and Hanic and Craigie (1969). 
Some algae observed in this study produced many concentric 
outer wall layers that considerably increased the thickness 
of their walls, presumably to fend off attack, however, 
bacteria were also seen to have penetrated this material. The 
appearance of large numbers of vesicles within algal cells 
may have been indicative of production of antibiotic 
substances. Marine algae are well known for their production 
of antibacterial substances (Vacca and Walsh, 1954; Allen and 
Dawson, 1960; Peguy and Heim, 1961; Sieburth and Conover, 
1965; Hornsey and Hide, 1974; Glombitza, 1979; Sieburth, 
1979) and these are commonly polyphenolic materials 
(Russell, 1973). Evidence suggests that the degree of 
production of these inhibitory substances varies with seasons 
and correlates with, periods of active algal growth when 
epiphyte numbers are reduced ( Vacca and Walsh, 1954; Chan 
and McManus, 1969;Sieburth et a l . , 1974; Hornsey and Hide,
1976).
The production of copious mucilage by diatoms and 
filamentous algae was observed during this study; this may
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also serve as a form of defence against bacteria by keeping 
them apart from the cell surface. This in turn might explain 
the observation that the amount of diatom and algal mucilages 
produced appear to exceed by far that required solely for 
adhesive purposes.
The complex nature of the algal cell walls themselves was 
also an important defence where others defences had failed, 
and even when growth systems had been penetrated by bacteria 
their fibrous (cellulosic ?) structure persisted, partially 
containing the growth and movements of the bacteria within.
As mentioned earlier, the initial algal-bacterial 
interactions at least, did not appear antagonistic, and it is 
possible that mutualistic associatvc;t\occurred. It is known 
that algal photosynthesis and growth may be enhanced by the 
production of carbon dioxide and vitamins by associated 
bacteria (Provasoli, 1971; Jolley and Jones, 1977; Tilson and 
Lingg, 1979). Atypical growth of a marine alga has been 
observed in axenic culture, and this effect can be reversed 
by the addition of bacteria (Fries, 1975). From what has been 
observed and discussed here, it would appear that algal- 
bacterial interactions are complex and liable to alter 
during the course of the associations of these organisms, 
probably as a result of "external" factors.
b) Diatom-filamentous algae interactions.
Having similar basic roles as primary producers, with 
similar requirements for their photosynthesis, considerable 
competition might be expected not only within each of these
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groups, but between them also.
At 14 days diatoms did appear to be excluded from those 
areas colonised by green algae and protozoa, and elsewhere 
(like other algae) were quite scarce and algal competition 
for space did not seem to become a problem until after Jassa 
had been and gone. After the sloughing of the Jassa colonial 
formations (at 57 - 84 days, late May - late June, 1984) ,
diatom and algal recolonization of exposed surface appeared 
to have been more rapid than initial colonization (a similar 
occurrence was noted by Coe and Allen (1937) in which 
colonization of scraped, previously fouled panels was 
heavier compared to clean, freshly immersed surfaces). This 
regrowth may have been assisted by surface "preconditioning" 
due to materials retained on the surface and also bacterial 
release and transformation of products from decaying remains 
of the previous algal colonization. Different types of 
diatoms had been attracted to the surface although 
filamentous algal regrowth was the Ectocarpus-like algae that 
had been seen previously. The latter appeared to have 
stimulated surface colonization by C o c c o n e i s , although 
competition for surface space was evident between these 
organisms. Tube-dwelling Navicula Spp. were also associated 
with Ectocarpus-like growths. As algal activity increased (at 
84 - 140 days; late June - late August, 1984) lush growths of 
green and red algae probably competed with 'the Ectocarpus- 
like growths for light, bicarbonate ions, ‘.’ and cofactors. 
Meanwhile the ectocarpalean algae continued to dominate at 
the metal surface and diatoms became "restricted" to what
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appeared to be an epiphytic existance upon them.
It is of note perhaps, that all the diatoms observed upon 
stainless steel in this study are from genera that have 
previously been noted as containing epiphytes (Main and 
Mclntire, 1974; Sieburth, 1975; Tanaka et a l ., 1984), and 
also that filamentous algal genera such as Ectoc a r p u s , 
P o l y s i p h o n i a , E n t e r o m o r p h a , Callithamnion and Cladophora (all 
noted in this study) are listed by Aleem (1950) as species of 
primary importance as hosts for epiphytic diatoms. Round 
(1971) has also pointed out that filamentous algae (such as 
E c t o c a r p u s , Polysiphonia and C l a d o p h o r a ) support a denser 
assemblage of diatom epiphytes relative to the larger 
mucilaginous algae. It may be that these filamentous algae 
and diatoms do have some affinity, although Main and Mclntire 
(1974) reported no host-epiphyte specificity and sugessted 
that the algae simply provide surface for attachment. They 
did not examine an artificial surface but other authors 
(Hendey, 1951; Aleem, 1957; Belanger and Cardinal, 1977; 
Hudon and Bouget, 1981; Tanaka et_ al^ . , 1984) have noted
similar benthic diatom genera upon these and in epilithic 
assemblages (Aleem, 1950). As the algal community continued 
to dominate the fouling of the stainless steel surface the 
growth of diatoms (particularly Cocconeis and A m p h o r a ) upon 
prostrate filaments persisted. Although this overlying diatom 
"film" probably screens the passage of light to the 
ectocarpoid algae below the chloroplasts of the latter still 
took up a sizable proportion of the cellular space, and these
algae appeared to exist in a stable co-existence until about
/
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There may have been significant interaction between the 
diatom community and young growths of red and green algae 
that were developing at 119 days. The initial growth of 
populations of Amphora and Cocconeis may have assisted the 
development of these algal germlings, but as the latter 
became more developed, little increase in the diatom 
population was observed. Although after these filamentous 
algae had been removed by feeding caprellid amphipod larvae, 
the diatom population upon the ectocarpoid growths increased 
dramatically - as was seen at 196 days (mid October, 1984).
It appears that the interaction of marine algae and 
diatoms within fouling could be complex. Detrimental effects 
of certain sporelings/germlings upon benthic diatoms has been 
observed (Khfaji and Boney, 1979; Huang and Boney, 1984). 
However, in some instances juvenile marine algae in culture 
have been seen to be stimulated by the presence of certain 
diatoms which also often showed growth stimulations 
themselves (Huang and Boney, 1984). Just the mucilage 
produced by a marine littoral diatom has been shown to effect 
the morphology and growth of marine algal sporelings and 
germlings (Huang and Boney, 1983), whilst detrimental effects 
of diatoms in certain diatom-alga combinations in culture 
have also been shown (Huang and Boney, 1984).
c) Interaction of invertebrate animals with other fouling. 
J a s s a ; Colonial tube-like formations produced by this 
amphipod had a very deleterious effect upon existing fouling
224-252 days.
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on which they were built. Both the microfouling community/ 
Ectocarpus-like algae (covered at 57 days) and tunicates 
(covered at 465 days) died-off as a result. Bacterial attack 
followed, which appeared to compromise the structure of these 
"foundations" upon which the Jassa colonies were built. This 
resulted in the sloughing-off of most fouling leaving large 
areas of the surface with only discontinuous bacterial and 
particulate fouling available for recolonization by other 
o r g a n i s m s .
C a p r e l l a : The development of a large larval population of
these amphipods, between 140 and 160 days, appeared to have 
"upset" the balance within the algal-diatom fouling 
community, perhaps hastening the onset of fouling by 
sedentary animals by destruction of much filamentous algal 
growth.
Calcareous fouling: Included barnacles and serpulids. These
tended to appear as isolated but persistent growths upon the 
metal surface rather than upon other fouling. Due to their 
isolated nature and low numbers these organisms caused little 
disruption to other fouling.
Tunicates: Simple and colonial tunicates tended to grow upon
existing fouling, and the effects of expansive covering 
-particularly by colonial masses - seemed to have similar 
effects as Jassa colonies.
Hydroids: These tended to form small, ''•^isolated, non-
-disruptive, temporary growths, that were often more obvious
.y,yi • v.
during periods of fouling by J a s s a .
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3.4.2.3 Organism sucession and fouling film development.
It would appear from the observations made in this study 
that succession is very much dependant upon the interation of 
attached species; and very probably attached and unattached 
species interactions will also be of importance (for instance 
high numbers of free-living bactivorous ciliated protozoa may 
be associated with fouling). Whilst the latter interactions 
cannot be dealt with in a direct manner, it is clear that the 
observed progression of attaching organisms represents 
species that were able to establish themselves at particular 
times. ' . '
Dean and Hurd (1980) have summarised three basic models of 
community development they considered relevant to fouling 
succession:
1) Facilitation model.
Earlier colonists make conditions suitable for later 
colonists which in turn make conditions unsuitable for 
their predecessors. Thus resulting in "obligatory 
sucession" (Horn, 1976).
2) Tolerance model.
Early colonists have no effect upon later colonists 
(and/or all species are present initially). Generally 
slower growing more tolerant species (better able to 
utilize resources) come to dominate. Once established 
the latter can inhibit re-invasion by others.
3/ Inhibition model. _
Colonies resist invasion and are persistent until 
ousted by others.
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Considering the heterogeneous nature of species
distribution observed upon stainless steel during fouling 
community development, it is likely that different organism 
interactions are occurring across the surface, and that
initial uneven distribution of colonists may be further 
exaggerated by the subsequent patterns of colonization by 
other species. Thus the biotic interactions upon the surface 
at any one time would not be solely covered by any one of the 
above models. The interaction between attached and unattached 
species would further complicate film developments.
As has been observed in this study, the continual
development of fouling may give rise to fairly distinct 
layers in which different processes appear to be operating. 
Swift (1982) describes two types of sucession - ecosystem 
succession and decomposer succession (see table 3.7).
It appears that both of these could be operating within 
older fouling films, with decomposition occurring at the base 
and at intermediate depths in the film different successional 
stages are apparent. Accumulative and sloughing processes 
in fouling may be manifestations of these types of 
succession. It seems almost certain that the season of 
initial exposure will have some control over the observed 
fouling succession, possibly having some influence for as 
long as a number of years (see Redfield and Deevy,1952). 
Sloughing events do however, appear to alter this sequence 
although the extent of sloughing induced modifications will 
probably depend on the season of sloughing and the nature of
organisms (if any) and materials retained upon the surface.
\
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TABLE 3 . 7 : Some features of early and late stages in ecosys-
     -tern and decomposer succession (from Swift,1982).
ECOSYSTEM SUCCESSION DECOMPOSER SUCCESSION
ECOSYSTEM
ATTRIBUTES
EARLY
STAGE
LATE
STAGE
EARLY
STAGE
LATE
STAGE
TOTAL ORGANIC 
MATTER
low high high low
MINERAL
ELEMENTS
mainly 
inorganic 
& e x t r a ­
-biotic
mainly . 
organic 
& intra- 
-biotic
mainly 
organic 
& immob- 
-ilised
mainly 
inorganic 
& mineral- 
-ised
MINERAL CYCLES open closed closed open
NUTRIENT FLUX 
(ORGANISM TO 
ENVIRONMENT)
rapid slow slow rapid
NUTRIENT
CONSERVATION
low high high low
BIOCHEMICAL
DIVERSITY
low high high low
SPECIES
DIVERSITY
low high high low
INTERNAL 
SYMBIOSIS & 
HOMEOSTASIS
low high high low
STABILITY low high high low
SPACIAL 
HETEROGENEITY 
OF HABITAT
low high low high
NICHE
SPECIALISATION
broad narrow narrow broad
ORGANISM SIZE small large large small
GROWTH FORM r-selected k-selected k-selected r-selected
LIFE CYCLES short
simple
long
complex
long
complex
short
simple
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A NUMERICAL TAXONOMIC STUDY OF BACTERIA 
ISOLATED FROM MARINE FOULING
CHAPTER 4
217
4.1 INTRODUCTION
Previous studies of the bacteriology of marine fouling 
films have largely been concerned with the enumeration and 
identification of early colonizers on particular material 
substrates (Floodgate, 1971; O'Neil and Wilcox, 1971; Corpe, 
1973; Carson and Allsopp, 1981). These studies have revealed 
that bacteria occurring within the "primary film" are mostly 
from heterotrophic genera common to the marine environment, 
although more unusual forms are sometimes prevalent (see 
table 4.1). During the course of the first 24 hours of 
immersion, the diversity of genera/species attached to steel 
and glass has been found to increase along with overall 
numbers of attached bacteria ( O'Neil and Wilcox, 1971). •
Detailed studies of primary film formation on a number of
material surfaces (including AISI 304 stainless steel and
glass) have shown that although species diversity was at its 
greatest during the first day of immersion, by the second day 
most species were no longer present, and subsequent increases 
in bacterial numbers were due to the increase in numbers of 
organisms from only a few dominant genera (Sechler and 
G u n d e r s e n , 197 3).
It has been considered that the reason for the attachment 
to surfaces by periphytic. marine bacteria is to take 
advantage of the more concentrated nutrients,at the solid- 
-water interface (Zobell and Anderson, 1936; Zobell, 1943). 
In view of this, the loss of species diversity (noted by
Sechler and Gundersen, 1973) after 24 hours could have been
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TABLE 4.1; Bacteria isolated from hydrophilic surfaces during 
   the first few days of immersion.
AUTHOR(S) GENERA ISOLATED 
(after (?) hours immersion)
SUBSTRATE LOCATION
O'Neil &
Wilcox
(1971)
Pseudomonas (1,2,4) 
Achromobacter (2,4) 
Micrococcus (2,4) 
Flavobacterium (4)
Glass Port Hueneme,
California,
U.S.A.
Floodgate Pseudomonas 
(1971) Vibrio
Spirillum
Bacillus
Sarcina
Corynebacter ium
Caulobacter
Arthrobacter
Glass Menai Strait 
N.Wales,
U.K.
Corpe
(1973)
Pseudomonas (predominate < 48hrs) 
Achromobacter ( " ) 
Flavobacterium ( " ) 
Caulobacter (predominate > 48hrs) 
Hyphomicrobium ( " ) 
Saprospira ( " )
Glass Sandiego & 
La Jolla, 
California, 
U.S.A.
Carson &
Allsopp
(1981)
Coryneform (4,60,132) 
Alteromonas (4,36,60,84,108,132) 
Pseudomonas (12,60,156)
Moraxella-like (108)
Coryneform (4,132)
Alteromonas (4,60,84,108,156) 
Pseudomonas (36)
Moraxella-like (12,36,84,108) 
Micrococcus (60)
Glass
Steel*
Menai Strait 
N. Wales, 
U.K.
* : stainless steel.
due to exhaustion of certain readily utilizable nutrients as 
a result of bacterial utilization and changes in the nature 
of adsorbing molecules with time (see chapter 6). The species 
which were not lost and/or attach subsequently are likely to 
be those bacteria with the capabilities to attack the
219
remaining (perhaps more complex) molecules (possibly the 
products of the pioneering species), or oligotrophic forms 
which can compete effectively with them. Corpe (1973) has 
noted relacement of common chemoorganotrophs by more 
nutritionally specialised species (see table 4.1). The high 
proportion (70-75% of attached species occurring during 42 
days immersion) of non-persistent species noted by Sechler 
and Gundersen (1973) may have reflected shifts in available 
nutrients and nutrient sources, with different species 
becoming dominant at different times as nutrients enabling 
proliferation of preceding forms are used up, or those used 
by more competitive species become available. Towards the end 
of the primary fouling phase of succession for instance, 
increased populations of diatoms and growths of young algal 
germlings may exude materials (which may include glycollate 
(Fogg, 1981), polysaccharides, sugars, peptides, amino acids, 
polyols, vitamins, toxins and enzymes (Fogg, 1966).) that may 
result in further modification in both the existing 
composition of adhered bacterial species and in the 
attraction/repulsion of unattached species. Later as a result 
of secondary algal succession, and due to changing 
physiological requirements demanded by algae and diatoms for 
survival as they become covered by other fouling, the overall 
nature of these exudates will probably change as time 
progresses. As algal populations change, moribund or dead 
filaments and rhizoidal systems remain along with associated 
mucilages (see chapter 3) and may become an important source 
of organic nutrients for entrapped bacteria. For bacteria at
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the base of the fouling layer, this material, and 
diatom/bacterial remains/exopolymers, may be the major source 
of organic carbon, and as sessile invertebrate animals 
succeed the autotrophic algae in the upper levels of the film 
it may become the only usable nutrient source available.. This 
may therefore cause further modifications in the species 
composition of the bacterial flora, as a result of dependence 
upon the ability to produce enzymes that can attack specific 
algal polymers and/or enable utilization of their degradation 
products'. '
The nature and quantity of degradation products available 
to the whole bacterial community under these circumstances 
will ultimately depend not only upon the type of algae 
, diatoms and bacteria that had been present, their densities 
and the time of the year, but also on the presence and 
activity of bacteria with specific degradative ’ abilities 
capable of liberating substrates that are utilizable by other 
components of the bacterial flora. Major possible substrate 
materials which may occur in quantity in growths of marine 
fouling algae are detailed in table 4.2. Diatom extracellular 
mucilages and extracellular bacterial polymers may also 
represent a significant source of carbon, and to give an idea 
of their possible degradation products, the carbohydrate 
compositions of some marine diatom and bacterial mucilages 
are detailed in tables 4.3 and 4.4 respectively.
Bacteria capable of attacking algal polysaccharides are 
known from marine sediments, seawater and rotting algae 
(Table 4.5), but comparatively little is known of the
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Table 4.2: Marine algal carbohydrate metabolites, (con't over page)
METABOLITE(S ) CHEMICAL COMPOSITION SOURCE REFERENCES
ALGINIC ACID Unbranched chains 
composed of blocks 
of contiguous 1-4 
linked D-mannuronic 
acid and blocks of 
contiguous -1,4- 
linked L-guluronic 
acid.
Phaeophyceae:
In cell walls and 
middle lamella.
May comprise upto 
60% of the carboh- 
-ydrate in cell 
walls(Medcalf,1978)
Percival & 
McDowel (1967) 
Percival (1979)
"PUCANS" Sulphated heteropol- 
-ysaccharides consi- 
-sting of L-fucose 
with varying amounts 
of D-galactose, 
D-mannose, D-xylose 
and D-glucuronic 
acid.
Phaeophyceae: Medcalf (1978) 
make up about 20% Percival (1979) 
of the carbohydrate Percival & 
in cell walls as McDowel (1967) 
pectic and matrix 
polymers (Medcalf,
1978).
CELLULOSE A 1-4 linked poly- 
-glucan.
Rhodophyceae, 
Chlorophyceae & 
phaeophyceae: 
present in cell 
wall. About 20% of 
brown algal cell 
wall carbohydrate 
(Medcalf, 1978). .
Medcalf (1978) 
Percival (1979) 
Percival & 
McDowel (1967)
LAMINARAN A 1-3 linked poly- 
-glucan.
Phaeophyceae: 
Intracellular food 
storage product 
(may be as much as 
30% of the dry wt 
of some algae. 
(Meeuse, 1962)
Percival (1979) 
Percival & 
McDowel (1967)
D-MANNITOL A six carbon sugar 
alcohol.
Phaeophyceae: 
Intracellular food 
reserve. May make 
up 50% of the dry 
wt of the frounds 
of sctne browns in 
late summer. 
(Meeuse, 1962)
Percival (1979) 
Percival & 
McDowel (1967)
STARCH 1-4 linked poly- 
glucans amylose and 
amylopectin the 
latter containing 
some 1-6 links.
Chlorophyceae: • , -?i 
food reserve -'Hi- 
material located 
in chloroplasts.
-Percival (1979) 
Percival & 
McDowel (1967)
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Table 4.2 (continued) SHS = Sulphated heteropolysaccharides
METABOLITE(S ) CHEMICAL COMPOSITION SOURCE REFERENCES
SHS:
GLUCURONOX-
-YLORHAMNANS
XYLOARABIN-
-OGALACTANS
Variable including
1,3 & 1,4 linked and 
end group L-Rhammose 
;1,3 & 1,4-linked 
D-Xylose; 1,3 linked 
D-glucose; 1,4 linked 
D-glucuronic acid.
Varying proportions 
of 1,4 linked xylose 
;1,3 & 1,6 linked 
D-galactose; 1,4 and 
triply linked L-ara- 
binose.
Chlorophyceae:
Cell walls ie:-
Enteromorpha
Ulva
ie:- Cladophora
Percival
(1978a)
Percival
(1978a)
Percival
(1978a)
SUCROSE Hexose sugar.
Disaccharide of 
glucose & fructose.
FLORIDEAN
STARCH
Chlorophyceae ie:- 
Ulva, Enteroroorpha 
& Cladophora.
(intracellular 
reserve)
Meeuse (1962)
1,4-linked poly- 
-glucan containing 
some 1,6 linked 
branches.
Rhodophyceae. 
Intracellular food 
reserve
Percival (1979)
SHS: Rhodophyceae:
"GALACTANS" Agar type:- ie:- Gelidum Percival
Variable 1,3 linked 
D-galactose and 1,4 
linked 3,6 anhydro- 
L-galactose.
(1978b)
Carrageenan type:- ie:- Chrondrus Percival
1,3 linked D-galac- 
-tose (as 2- or 4- 
sulphate with 1,4- 
linked D-galactose 
(as 2- or 6-sulphate
(1978b)
. or 2,6 disulphate)
or 3,6 anhydro-D-ga- 
lactose (or its
2-sulphate ).
Mixed type:- ie:- Bangia Percival
ccmbination of above (1978b)
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TABLE 4.3: Chemical composition of marine diatom mucilages.
MATERIAL CHEMICAL COMPOSITION & 
PROPORTIONS OF CONSTITUENT
SOURCE REFERENCE
EXTRACELLULAR
MUCILAGE
1,3-linked Xylose (1.0), 1,3- 
& 1,4-linked glucose (1.3) 
galactose, 1,2-linked and non 
reducing ends (6.0), mannose 
(T) uronic acid (T).
Amphora
coffeaeformis
MedeaIf 
et al., 
(1981).
EXTRACELLULAR
MUCILAGE
Xylose (1.0), mannose (0.1), 
glucose (T), galactose (T) 
and uronic acid (T).
Nitzschia
angularis
Medcalf 
et al., 
(1981).
EXTRACELLULAR
MUCILAGE
Rhamnose 20%, Fucose 16%, 
galactose 17%, arabinose 8%, 
xylose 9%, mannose 7%, 
glucose (T), glucuronic acid 
(T), unknowns 25%.
Nitzschia
angularis
Allan 
et al., 
(1972a,b).
EXTRACELLULAR
MUCILAGE
Rhamnose 33%, Fucose 20%, 
Mannose 10%, xylose 9%, 
galactose 8%, Arabinose (T), 
glucuronic acid (T), unknown 
20%.
Navicula
incerta
Allan 
et al., 
(1972a,b).
MUCILAGE
TUBES
Mainly xylose and mannose 
with traces of Rhamnose and 
some unidentified materials.
Amphipleura
rutilans*
Lewin
(1958).
MUCILAGE
TUBES
Mannose, xylose, mannuronic 
acid, 3,6-anhydrohexose 
protein.
Berkeleya
rutilans
Paulsen 
et al., 
(1978).
(T = trace; * = Now known as Berkeleya rutilans)
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TABLE 4.4: Compositions of some exopolymers of marine bacteria.
ORGANISM POLYMER COMPOSITION REFERENCE
Pseudomonas 
atlantica 
(strain 4b)
glucose, galactose, mannose, 
galacturonic acid, pyruvic acid.
Corpe
(1970).
Pseudomonas 
atlantica 
(strain T6C)
54.3% carbohydrate, 43.8% uronic 
acid, 2% protein.(*)
Corpe 
et al. 
(1976)
Unidentified 
gram negative 
rods :
Sutherland
(1983).
STRAIN LH7 Pyruvate (8.8), D-mannose (11.3), 
D-glucose (30.4), D-galactose (7.5) 
, D-glucuronic acid (10.6).(§)
STRAIN LHl pyruvate (6.1), D-mannose (29.8), 
D-glucose (14.3), D-galactose (14.3), 
D-glucuronic acid (12.7).(§)
STRAIN LS4 pyruvate (3.2), D-mannose (23.7), 
D-glucose (14.3), D-galactose (14.3), 
D-glucuronic acid (12.7).(§)
STRAIN LS5 pyruvate (4.7), D-mannose (30.3), 
D-glucose (29.7), galactose (10.1), 
D-glucuronic acid (13.6).(§)
Pseudomonas 
species. 
(NCMB 2021)
65% carbohydrate,35% protein.(§) 
Carbohydrate consists of equal . 
amounts of 2 polysaccarides (A & B)
A is mainly glucose, galactose and 
some unidentified sugars (some with 
acid groups).
B contains N-acetylglucosamine and 
several other components (probably 
a 6-deoxy sugar and O-acetyl groups).
Marshall
(1985).
* - % weight basis after correction for moisture. 
§ - % dry weight.
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TABLE 4.5: Polysaccharide degrading bacteria from the marine environment.
POLYMERIC
SUBSTRATE
SPECIES DEGRADING SUBSTRATE 
(if known)
REFERENCE(S)
ALGINATE Vibrio (V.pelagius I/II, V.harveyi, 
V. splendidus, V. alginolyticus). 
Cytophaga (C.diffluens, C.lytica, 
C.latercula, C.Krzemieniewzkae). 
Aeromonas Spp.
Baumann et al., 
(1971). 
Christensen 
(1977).
Ando & Inoue 
•(1963).
FUCOIDIN Pseudomonas atlantica, Pseudomonas 
carrageenovora.
Yaphe and 
Morgan (1959).
CELLULOSE Achromobacteria, Nocardia citrea, 
Corynebacterium fimi.
Cytophaga (c.rosea, C.haloflava, 
C.Krzemieniewzkae).
Bacillus Spp., Vibrio Spp. and 
unidentified stalked bacteria. 
Clostridium papyrosolvens.
Chester et al. 
(1955). 
Christensen 
(1977).
Austin et al. 
(1979).
Bryder (1981).
LAMINARAN Achromobacteria, Nocardia citrea, 
Corymebacterium (C.tumescens, C.fimi), 
Arthrobacter Spp., Bacillus Spp. 
,Streptomyces Spp.
Chester et al. 
(1955).
STARCH Most vibrio Spp. and Aeromonas Spp.
Most Cytophaga Spp., Flexibacter 
littoralis.
Some Pseudomonas Spp.
Some Alteromonas Spp.
Corynebacterium Spp.
Curtobacterium Spp.
Micrococci.
West et al. 
(1985).
Baumann et al. 
(1971). 
Christensen 
(1977).
Hendrie St Shewan 
(1979).
Baumann St 
Baumann (1981). 
Bousfield (1978).
Anderson (1962).
PECTATE Nocardia citrea and 
Corynebacterium fimi
Chester et al. 
(1955).
AGAR Majority of Cytophaga Spp. H  
Pseudomonas atlantica
-Christensen 
11977). 
yaphe (1957).
XYLAN 
( 1,3 and 
1,4 linked)
Unidentified Fujisawa St
Murakanri
(1971).
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Table 4.5 (continued)
POLYMERIC
SUBSTRATE
SPECIES DEGRADING SUBSTRATE 
(if known)
REFERENCE(S)
PORPHYRAN
CHITIN
Cytophaga Spp.
CARRAGEENIN Pseudomonas carrageenovora
Vibrio fluvalis I/II
Vibrio (V.pelagius I/II, V^ fischeri, 
V. alginolyticus, V.Campbellii,
V.parahaemolyticus, V. harveyi), 
Alteromonas haloplanktis.
Alteromonas undina.
Flavobacterium indothecium, 
Micrococcus colpogenes.
Clostridium Spp.
Photobacterium (P.leiognathi,
P.phosphoreum and P.angUstum).
Turvey &
Christensen
(1967).
Yaphe &
Baxter (1955).
Jensen et al.
(1980).-----
Baumann et al. 
(1971).
Baumann et al. 
(1984).
Chan et al. 
(1978).
Campbell & 
Williams (1951). 
Timmis et al. 
(1974).
Bryant et al. 
(1986). & 
Hendrie et al. 
(1970)'.
activities and occurrence of similar, organisms within the 
many types of marine fouling communities, although the 
isolates of Austin £t_ a_l. (1979) were from marine fouled wood 
and Corpe (1970;1976) has isolated Pseudomonas atlantica from 
primary films on glass.
To enable a better understanding of the numbers and types 
of bacteria within fouling, and something of their possible 
ecological role in fouling processes, this study aims to :
1/ Isolate and enumerate constituent bacteria from a known 
area of fouled metal (of known "history").
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2/ Randomly select isolates for characterisation in such a 
way that after classification/identification, numbers 
of specific types can be related back to those in the 
original film.
3/ As part of the characterisation process determine the 
carbohydrate utilization/degradation patterns (for 
materials of possible _in vivo importance) for all 
isolated strains.
4/ Develop and apply a method for the in. situ localisation 
of selected isolates so as to provide more detailed 
information concerning the ecology of these bacteria.
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4.2.1 Isolation and purification of environmental isolates.
4.2.1.1 Collection of fouled material.
A stainless steel coupon (7.6 cm x 5 cm size), that had 
been immersed on 2nd April 1984 with the coupons used for the 
month to month fouling study (see chapter 3), was collected 
from Langstone Harbour on 12th november 1984 (after 224 days 
immersion) and was transported back to the laboratory in cold 
seawater obtained from the sampling site.
4.2.1.2 Isolation procedure.
Complete removal of the fouling layer presented a problem 
initially, but after testing some methods the following 
procedure was developed and employed.
1) The coupon was placed in cooled (5°C), sterile, marine 
salts (CS/MS) solution (see Austin et al. ,1979), and 
larger filamentous algae and soft animal fouling was 
carefully removed using sterile forceps.
2) The fouled side of the coupon was then rinsed with 
fresh CS/MS (which was discarded) and the reverse 
(fouling free) side was swabbed with alcohol and then 
rinsed repeatedly with CS/MS (which was discarded).
3) The bulk of the fouling material was then scraped off 
and placed in 100ml CS/MS in a wide-necked, screw top 
container whilst the surface of the metal coupon was 
repeatedly scraped (using a sturdy metal scalpel) and 
rinsed (with CS/MS, into another sterile container)
4.2 MATERIALS AND METHODS
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until the metal oxide layer had been removed.
4) Small volumes of CS/MS and the bulk fouling material 
were then ground-up finely using a sterile pestle and 
mortar, and then poured into the CS/MS rinse container.
5) All containers were then rinsed thoroughly using CS/MS 
which ended up in the CS/MS rinse container.
6) The capped CS/MS rinse container was then shaken after 
making up the volume to 500ml.
7) Three separate volumes of shaken CS/MS rinse were then
used to make up three separate ten-fold dilution series 
(dilutions 10°,10 1 ,10 2 ,10"3 and 10-4 ).
8) 0.1ml aliquots of each dilution (from each dilution
series) were plated out in duplicate* onto (Difco) 
marine agar 2216 (Zobell, 1941). (* One plate being
used for Aerobic incubation and another for Anaerobic 
incubation for 7 days at 20°C.).
In addition to plating on marine agar 2216, the MPN method 
of Colwell el: a^ L. (1975) was used to determine the most 
probable numbers of nitrate reducing bacteria. MPN of 
sulphate reducing bacteria was also attempted using Postgate 
medium E and a method outlined by Postgate (1979).
4.2.1.3 Random selection of aerobically grown strains for 
c h a r a c t e r i s a t i o n .   —
The three plates of the inoculum dilution that gave 
between 30 and 300 colonies per aerobically grown plate, were 
used for the random selection of Strains. The whole area of 
each plate was carefully "split-up" into 60 equal spaces
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(approx 0.7 cm areas) by drawing on the base of plates with 
a marker pen. The resultant spaces were labelled 1 to 180. 
Random number tables (Edwards, 1966) were then used to obtain 
the numbers of spaces from which isolates were to be picked. 
All random numbers above 180 were ignored, and all colonies 
from a given numbered space were picked off. Random numbers 
were obtained from the table until a total of 120 colonies 
had been selected.
4.2.1.4 Purification of strains.
As a matter of course all strains were serially streaked 
three times, any still thought to be mixed cultures upon 
observation of micromorphology and colonial morphology were 
restreaked until considered pure.
4.2.2 Reference strains.
Strains of known identity were tested alongside 
environmental isolates to aid the identification of the 
latter and to provide some indication of tests that may not 
have given satisfactory results. All 15 reference strains 
used were recovered from lyophilised cultures obtained 
directly from culture collections (see table 4.6). Reference 
strains were selected with the assistance of staff at NCMB 
after a rough classification of isolates (based upon 
micromorphology, motility, pigmentation, '.^^x-idase, and 
oxidation/fermentation test), they were all of marine origin.
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TABLE 4.6 : Details of reference strains used in this study. 
 .... (continued over page with footnotes)
CASE
NO.
§3
COLLECTION 
& STRAIN 
No.
DESIGNATION 
(*= TYPE STRAIN)
SOURCE/SITE 
OF ISOLATION
REFERENCE 
FOR STRAIN 
DESCRIPTION §1
120 NCMB 1139 Aeromonas Sp. Decaying marine 
brown algae. 
(Laminaria japo- 
-nica var ochot- 
-ensis)
§2
127 NCMB 557 Alcaligenes
aquamarinus*
Seawater Hendrie et al 
(1974)
125 CCM 2933 Alteromonas
rubra*
Surface seawater Gauthier (1976)
124 NCMB 2084 Alteromonas
haloplanktis*
Seawater Reichelt & 
Baumann (1973)
129 CCM 317 Brevibacterium
stationis*
Marine fouling 
film.
Zobell & Upham 
(1944)
126 CCM 320 Flavobacterium
okeanokoites*
Marine mud Zobell & Upham 
(1944)
123 NCMB 1962 Marinomonas
vaga*
Seawater, off 
coast of Oahu, 
Hawaii.
Baumann et al., 
(1972).
130 CCM 314 Micrococcus
sedentarius*
Seawater Zobell and Upham 
(1944).
128 SURREY 2067 Moraxella Spp. Skin of cod - §2
121 SURREY 2612 Pseudomonas
Sp.
From 5hr immer- 
-sed perspex 
slide, seawater 
Menai strait, 
Anglesey,
N. Wales.
Fletcher,M. 
(1976) §2
122 NCMB 1967 Pseudomonas
nautica*
Seawater off 
coast of Oahu, 
Hawaii.
Baumann et al. 
(1972)
117 CCM 2582 Vibrio
campbellii(*)
Seawater from 
800m depth.
Baumann et al. 
(1980)
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Table 4.6 (continued, with footnotes)
CASE
No.
§3
COLLECTION 
& STRAIN 
No.
DESIGNATION 
(*= TYPE STRAIN)
SOURCE/SITE 
OF ISOLATION
REFERENCE 
FOR STRAIN 
DESCRIPTION §1
119 SURREY 2239 Vibro
harveyi*
Dead luminsc- 
-ing anphipod,
(Talarchestria 
Spp.),Woods Hole 
,Mass,U.S.A.
-§2
118 CCM 2575 Vibrio
natriegens*
(Marine) salt 
marsh mud.
Baumann et al. 
(1971).
116 NCMB 1900 Vibrio
pelagius*
Seawater, off 
coast of Oahu, 
Hawaii
Baumann (1980)
§1 - For further reference (including proposals for name changes) see 
relevant catalogue and "approved lists" (Skerman et al.,1980) 
and subsequent revisions in Int. J. Syst. Bact..
§2 - See NCMB catalogue.
(Surrey cultures 2239, 2612 and 2067 are equivalent to NCMB
1280, NCMB 2021 and NCMB 308 respectively).
§3 - Refers to the case numbers in this study.
NCMB - National collection of marine bacteria, Torrey Research Station, 
Aberdeen, Scotland.
CCM - Czechoslovak collection of microorganisms, J.E. Purkyne 
University, 66243 Brno, tr. Obrancu M-iru 10, Czechoslavakia.
SURREY-University of Surrey collection of microorganisms, Dept. 
Microbiology, University of Surrey, Gulidford, Surrey.
4.2.3 Duplicate strains.
The influence of microbiological test errors upon 
numerical taxonomic similarities and in identification has 
been examined by Sneath and Johnson (1972) and Sneath (1974) 
respectively. Following the suggestions of Sneath and Johnson 
(1972), a number of isolate strains were replicated in the
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analysis so as to enable estimations of test errors. Twelve 
isolate strains in all were chosen at random by an 
independant observer and these were examined in addition to 
all other strains for all tests. On completion of the study 
the duplicates were made known and their observed 
characteristics were compared. •
4.2.4 Maintenance of strains.
Master cultures of all strains were maintained upon Difco 
marine agar 2216 slopes at 20°C. Master cultures were 
subcultured at 8-10 week intervals. Every 4 weeks master 
cultures were used to create working cultures which were 
maintained in the same way.
4.2.5 Phenotypic characterisation of strains.
All tests outlined in subsections 4.2.5.1 to 4.2.5.9 were 
performed on all isolates, duplicates and reference strains.
Unless otherwise stated :
All media A) were sterilised at 121°C (1.06 kg/cm ) for 15 
m i n u t e s .
B) were made up from dehydrated culture media or 
from basic ingredients using Sigma/BDH/M&B 
c h e m i c a l s .
C) had 2% (w/v) sodium chloride added, unless 
they were based on marine agar 2216, seawater 
or marine salts.
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All tests A) were inoculated using 2 day marine agar grown 
cultures (This was to help ensure inoculant 
v i a b i l i t y ) . ■
B) were incubated at 20°C. ■
C) were read at 14 days (if shorter periods were 
stipulated, either further incubation to 14 
days did not alter the outcome or the tests 
were performed after the stated time by 
addition of chemicals.).
D) of the "growth on" or "resistance to" type 
were recorded as positive for strains growing 
upon the test medium employed.
E) were performed at the same time for all 
strains (where possible) and done once only 
unless for some reason acceptable results 
were not forthcoming.
4.2.5.1 Micromorphology and straining reaction.
Gram reaction.
Gram staining was performed on 3 day marine agar 2216 
grown cultures using Jensen's modification (Cruickshank et. 
a l ., 1975). Smears were made in sterile 2% (w/v) sodium
chloride solution, air dried, heat fixed, washed for 5 
minutes under tap water to remove the salt, and then drained 
before staining (Hendrie and Shewan, 1979).
4.2.5.2 Cell morphology and dimensions.
These were noted from the same hanging drop preparations
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as were used for motility. Length and length:width 
measurements were determined for 10 cells of each strain 
using a calibrated eye piece micrometer, and averaged 
dimensions were noted.
4.2.5.3 Motility.
Motility was determined by phase contrast observation 
(magnification = x 480) of an 18-24 hour 2216 marine broth 
culture using the hanging drop method of Collins and Lyne 
(1976). Inferred flagellation was noted where possible.
4.2.5.4 Colony characteristics.
Colony morphology: •
Colony profiles, shape and surface texture was determined 
by unaided visual observation of colonies formed on lightly 
streaked marine agar 2216 after 7 days. Colony structure and 
edge characteristics were examined using a binocular 
microscope (magnification = x 30). Descriptions follow the 
colony morphology key of Rodina (1972).
Pigmentation:
Colony colour was noted whilst examining colonial 
morphology.
Production of diffusable brown coloured pigments:
This was determined from the colour of marine agar 2216 
slope medium after 7 days. An uninoculated control slope was 
used for comparison.
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After 7 days growth upon medium B of King et a_l. (1954), 
the presence of fluorescent pigments was assessed under 
ultraviolet light at a wavelength of 365 nm.
Luminescence: %
This was determined by the observation of 24 hour (marine 
agar 2216) grown cultures in total darkness, after 10 minutes 
in a blacked out room.
4.2.5.5 Physiological characteristics.
Anaerobic growth:
Plates of marine agar that had been retained overnight in 
an anaerobic cabinet were promptly inoculated and placed in 
anaerobic jars with activated BBL "Gaspack" (hydrogen and 
carbon dioxide) gas generating envelopes.
Growth at 5°C, 10°C, 15°C, 25°C, 30°C and 37°C:
Lightly inoculated 2216 marine broth was incubated at the 
appropriate temperature. Significant visible increase in 
turbidity of the medium as compared with uninoculated control 
was recorded as positive. Growth at 25°C, 30°C and 37°C was
determined after 7 days.
Growth at pH 2.0, pH 4.0, pH 6.0, pH 8.0 and pH 10.0:
The pH of marine agar 2216 was adjusted by addition of a 
predetermined volume of IN sodium hydroxide - o & ^ h y d r o c h l o r i c  
acid before sterilization to achieve the required post 
autoclaving pH.
Production of U.V. fluorescent pigments:
237
Growth on 0%, 0.5%, 1%, 2%, 4%, 6%, 8% and 10% w/v salt:
To test for salt requirement/tolerance, marine agar 2216 
was modified in the following two ways
1) The sodium chloride content was altered as required.
2) Potassium was substituted for sodium in all sodium 
salts other than sodium chloride.
(The very small, insignificant amount of salt contained 
within the added bactoyeast extract and bactopeptone was not 
taken into account in the concentrations stipulated a b o v e . )
4.2.5.6 Biochemical properties. • •
Ammonia production:
This was determined using the method of West et a l .(1983).
Arginine hydrolysis:
The method of Thornley (1960) was employed and results 
recorded after 7 days. (This method is NOT specific for 
the enzyme Arginine dihydrolase.).
Catalase:
A large loopful of an 18-20 hour marine agar 2216 culture 
was added to a drop of 3% hydrogen peroxide on a cool slide. 
Effervescence was recorded as a positive response.
Hydrogen sulphide production:
Triple sugar iron agar (Difco) slope's '-•'Can universals) 
were inoculated by streaking the slope and stabbing the butt. 
Blackening due to hydrogen sulphide production was recorded 
after 3 days.
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Indole production:
Method 2 of Cowan (1974), using 1% tryptone broth (Lee e_t 
aJL. ,1981). Results were recorded after 7 days.
Lysine decarboxylase:
The method of Moller (1955) was used; results were 
recorded after 7 days. .
Oxidation/fermentation of glucose:
This was determined using the method of Leifson (1963). 
The marine oxidation fermentation mediun was made up in half 
strength (0.22 ^ m  filtered) Langstone Harbour seawater. 
Results were recorded after 7 days.
Methyl red test: ,
This was performed using the method of Cowan (1974). 7 day
cultures giving deep orange/red colour after addition of 
methyl red solution were recorded as positive.
Nitrate reduction:
This was determined by the method of Cowan (1974) after 
incubation in 2216 marine broth plus 0.01% sodium nitrate.
O x i d a s e :
The Kovacs (1956) test for oxidase was carried out using 
18-20 hour cultures grown on marine agar 2216.
Phenylalanine deaminase:
After 7 days incubation on the slopes of.the medium of 
Ewing et al_. (1957), the procedure outlined in Anon (1958) 
was used to detect phenylalanine deaminase activity.
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Voges-proskauer reaction:
After completing the MR test, the same culture was tested 
for the presence of a c e t o i n / 2 ,3-butanediol by the method of 
0'Meara (1931).
4.2.5.7 Extracellular degradative capabilities.
Unless stipulated to the contrary, all tests in this 
section were performed by spot inoculation of the surface of 
appropriate solid media.
Aesculin hydrolysis:
The ability to degrade aesculin was determined by the 
method of Sneath (1956) using marine agar 2216 as the base 
medium.
Agarolytic. activity/agarose hydrolysis:
Strains were recorded as positively agarolytic if they 
pitted the surface of the basal (control) medium used in the 
sole carbon source utilisation tests. Agarose hydrolysis was 
assessed using basal medium modified by the substitution of 
1% agarose for agar. For these tests inoculation was achieved 
in the same way as in the sole carbon source utilisation 
tests (see section 4.2.5.9).
Alginase activity:
The medium used consisted of a marine agar ,2216 base layer 
with an overlay of the same agar containing suspended calcium 
alginate. To create a uniform calcium alginate'suspension the 
overlay constituents were mixed in the following way: 22g of
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Difco marine agar powder was thoroughly mixed with 8g of 
sodium alginate powder in a 500ml Duran bottle. Then 400ml of 
distilled water containing 0.5% calcium Chloride (fully 
dissolved) was added whilst swirling the container. The 
resulting mixture was vigorously shaken, autoclaved, and then 
gently mixed again before it was cool enough to pour onto the 
base layer. The cooled overlay is cloudy and alginolytic 
activity was seen as cleared zones around alginase positive 
c o l o n i e s .
Amylase activity:
This was determined by the procedure of Lee ei; ail. (1978).
Casein hydrolysis:
The ability to hydrolyse casein was determined using 
marine agar 2216 plus 10% (w/v) skimmed milk according to the 
method of Hendrie and Shewan (1979). The test was read after 
7 days.
Cellulase activity:
This was determined on Dubos agar with an overlay of Dubos 
agar containing 0.4% (w/v) cellulose (in suspension). After 
incubation plates were flooded with 1% (w/v)
Hexadecyltrimethylammonium bromide which forms a white 
precipitate with any remaining long chain polysaccharide. 
Cellulytic activity was observed as clear zones around 
cellulase positive colonies.
Chitinase activity:
The medium used was composed of a base layer of marine
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agar 2216 with an overlay of the same agar containing 1% 
(w/v) colloidal chitin (by courtesy, from D r .D . A . A u s t i n ). 
After autoclaving, the molten overlay was carefully mixed 
before pouring to ensure an even suspension. Chitin 
hydrolysis was seen as clear zones around Chitinase 
positive colonies.
Gelatinase activity:
Gelatin agar (Smith and Goodner, 1958) was made up from 
the following (w/v) ingredients; Bactopeptone 0.4%,yeast 
extract 0.1%, gelatin 1.5% and agar 2% ; making sure that the 
gelatin is fully dissolved before adding the agar. Normally a 
positive result would be clearing of a cloudy agar, but when 
salt is added to this medium (as in this study) the set agar 
is clear and a positive reaction is observed as cloudiness 
around gelatinase producing colonies. To enhance the 
reaction, plates were refrigerated for 10 minutes before 
r e a d i n g .
Lecithinase activity:
The medium was prepared by the addition of 10% (w/v) Oxoid 
egg yolk emulsion to marine agar 2216 that had been 
autoclaved and cooled to 50°C-55°C. Then after careful 
mixing, the medium was poured. Strains whose colonies were 
surrounded by a zone of opacity in the medium, were recorded 
as lecithinase positive. The test was read after 5 days.
Lipolytic activity:
Hydrolysis of Tweens 20 (a Laurie acid ester), 40 (a
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palmitic acid ester), 60 (a stearic acid ester) and 80 (an 
oleic acid ester) was determined by the procedure of Sierra 
(1957).
Pectinolytic activity:
This was determined using a medium consisting of a 1 cm 
thick base layer of marine agar containing 0.3% (w/v) calcium 
chloride upon which was a very thin overlay of gelled pectin. 
Sodium chloride was incorporated into the pectin overlay 
solution of Paton (1972) which was autoclaved at 115°C 
(0.72 k g / c m 2 ) for 10 minutes. The sterilised pectin solution 
was then poured on to the calcium containing base agar and 
allowed to gel overnight at room temperature. Pitting of the 
overlay indicates pectinolytic activity.
P r o t e o l y s i s :
The 10% egg yolk marine agar 2216 medium, used for 
determination of Lecithinase activity was at the same time 
used to assess proteolytic activity. The presence in the 
medium of clearing zones around colonies being indicative of 
p r o t e o l y s i s .
Tannin oxidation:
The medium used was marine agar 2216 containing 0.2% (w/v) 
tannic acid (obtained from Hopkin and Williamson), which was 
adjusted before sterilisation to a pH of 7.5. Oxidation of 
tannin was observed as a very dark, opaque, black/brown 
colouration of the medium around positive colonies/inoculum 
(even strongly positive organisms do not grow well on this
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medium, but the (moderate) inoculum alone is enough to give a 
good positive result). The test 'was read after 12 hours.
Urease activity:
Method 1 of Cowan (1974) was used. The test was monitored 
for up to 7 days.
4.2.5.8 Tolerance to antibacterial substances and growth on 
selective media.
This section covers the ability of strains to grow upon 
certain non-marine selective media (without the addition of 
sodium chloride) and on marine agar 2216 modified by the 
addition of inhibitory compounds. For all these tests 
unmodified marine agar 2216 control plates were used to check 
inoculum viability.
Resistance to brilliant green:
Growth on marine agar 2216 containing 0.002% (w/v)
brilliant green (added prior to sterilization) was determined 
after 7 days.
Resistance to "Cetri m i d e " :
A .2% (w/v) solution of membrane filtered "Cetrimide"
(hexadecyltrimethylammonium bromide) was added to cooled (45- 
50°C), sterilized 'marine agar 2216 to give a final 
concentration of 0.03% (w/v) (plates were poured after
careful mixing). Growth was recorded after 7 days.
Growth on C.L.E.D. medium:
Growth on cystine-lactose-electrolyte-deficient medium
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Resistance to crystal violet:
Growth on marine agar 2216 containing 0.002% (w/v) crystal 
violet (added before autoclaving) was assessed after 7 days.
Growth on Maconkey agar:
Growth on (oxoid) Maconkey agar (without added salt) was 
determined after 7 days. .
Resistance to methylene blue:
Growth on marine agar 2216 containing 0.01% (w/v)
methylene blue (added before sterilization) was recorded 
after 7 days.
Sensitivity to 0/129:
Sensitivity to the vibriostatic agent 2,4-diam i n o - 6 ,7-di- 
isopropyl-pteridine (0/129) was determined using disks 
containing 150 ug of this substance. These disks were
prepared by the method of Lee et al_. ( 1979 ) and were placed
upon marine agar 2216 which had been surface seeded with the 
culture under test. Restriction of growth around the disk was 
recorded as a positive result. The test was read daily for 3
days, eliminating those cultures that had grown
enough for their sensitivity to be recorded.
Resistance to phenol red:
The presence of growth on marine agar 2216 containg 0.001% 
(w/v) phenol red (added prior to autoclaving) was recorded 
after 7 days.
(oxoid) was determined after 7 days.
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Growth on T.C.B.S. medium:
Growth on Thiosu.lphate-citrate-bile salt-sucrose medium 
(oxide) was determined after 7 days. This medium was 
inoculated on the same day it was made up , since it becomes 
increasingly more inhibitory with age.
Growth on "TEEPOL 610":
Growth on marine agar 2216 containing 0.4% "Teepol 610" was 
recorded after 7 days.
4.2.5.9 Utilization of organic substrates as sole or 
principal source of carbon and energy.
These tests were performed using the "marine" basal medium 
of Austin e_t 8^.( 1979) made up in "Milli-Q" water, and 
containing 0.2% of the carbon source under test. All 
carbon sources were made up as concentrated solutions, 
filter sterilized and added to the cooled, autoclaved basal 
medium. All glassware, used for making up basal medium and 
carbon source solutions, was soaked overnight in "dreft", 
rinsed three times with distilled water and five times with 
"Milli-Q" water to ensure it was chemically clean. All tests 
were carried out in 10cm square petridishes and a 25-pin 
multipoint inoculator (as developed by Daniel (1981)) was 
used to inoculate all media. As suggested by Baumann and 
Baumann (1981), strict aerobes and facultative anaerobes were 
not intermixed on the same plate.
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Carbon sources examined were :-
Monosaccharides Disaccharides
L-ARABINOSE CELLOBIOSE
oi-L-FUCOSE SUCROSE
D-FRUCTOSE
D-GALACTOSE Aminosugars
D-GLUCOSE D - ( +)-GLUCOSAMINE
D-MANNOSE
o^-L-RHAMNOSE Sugar alcohols
D-XYLOSE MANNITOL
Organic acids
ACETATE
CITRATE
D-GALACTURONATE
D-GLUCURONATE
GLYCOLLATE
Two control media were also inoculated, one consisted of 
basal medium alone (without carbon source) and another was 
unmodified marine agar 2216. The latter medium was inoculated 
after all other media inoculated at any one time and served 
as a check upon viability of inocula. To determine carbon 
source utilization, the growth of the strains upon the basal 
medium control (inoculated first in any series of 
inoculation) was compared visually with their growth upon 
basal media containing the carbon source. If the growth of a 
strain upon basal medium containing a particular carbon 
source was visibly greater than growth upon the basal medium
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control, the strain was recorded as positive for utilization 
of that carbon source.
4.2.6 Reasons for the numerical taxonomic approach.
The accurate identification of gram negative heterotrophic 
bacteria from marine environments remains a problem. Many of 
these bacteria fall into the less well defined or
heterogeneous genera such as Flavobacterium and A l c a l i g e n e s , 
and the Cytophaga-group (including Flexibacter which may be 
unreactive in many standard bacteriological tests). As
suggested by Johnson et al_. (1968), the classification of 
marine vibrios continues to pose a problem - because of their 
high variability unidentifiable forms are quite often 
encountered (see Austin et: al.., 1979; West et a l . ,
1983,1985). Attempts to classify marine vibrios separately 
from other vibrios have resulted in proposals for new, 
redefined genera such as Marinovibrio (Ruger, 1972) and
Beneckea (Baumann et a_l. ,1971) but these have either been of 
insignificant departure from the existing classification or 
have subsequently been revoked (Baumann et al., 1980 a,b.).
The classification of marine pseudomonads has followed 
similar trends, although the proposed marine genera 
Alteromonas (Baumann et a l ., 1972) and Marinomonas (Van 
Landschoot and Deley, 1983)’ have stood.
The classification of bacteria from natural environments 
has lagged behind that of medical bacteria with the 
consequence that ecologists have relied heavily upon medical 
diagnostic schemes, commonly resulting in the faliure to
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identify isolates (Austin and Priest, 1986). Marine bacteria 
include a wide diversity of forms (see Sieburth, 1979), many 
of which are unique to the sea and would go unaccounted for 
in inappropriate identification schemes. A number of schemes 
have been developed for the identification of marine bacteria 
(those of Shewan, Hobbs and Hodgkiss, 1960; Shewan, 1963. 
have in the past found much use.) although the continuing 
discovery of new bacteria, more useful characterisation tests 
and the requirement for greater accuracy in the definition of 
groups has led to subsequent revisions (Oliver, 1982). The 
identification of organisms isolated directly from their 
natural environments can prove difficult using monothetic 
identification schemes as strains of different groups can 
give similar responses over a few "key" characters (Austin et 
a l , 1979; Austin and Priest, 1986). The use of monothetic
identification schemes presupposes that the organisms like 
those to be identified, have previously been isolated, 
characterised, named and compared with other organisms 
(Austin and Priest, 1986). Gibson et al. (1977) conclude that 
many of the marine bacteria from different groups show 
similarities to each other suggesting not only their general 
relatedness, but that this could result from convergent 
evolution of bacteria within the habitat. As suggested by 
Austin and Priest (1986) there is no sound reason why 
bacteria should be confined within the man-made concept of 
the species. There may be a continuum of intermediates 
between different types of bacteria from which appropriately 
adapted types are "s e l e c t e d - f o r " in different habitats,
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making some more numerous. Isolated, enclosed or specialist 
environments such as might occur within a fouling film would 
most likely select for bacteria with specific properties 
regardless of type, and might thus contain strains with 
higher than normal similarity. Classification of strains 
within a particular habitat in the environment may thus be 
more meaningful than classification of strains from the
environment as a whole.
To summarise, numerical taxonomic techniques were employed 
in this study to enable characterisation and polythetic 
classification of all isolated strains to ■ show their 
relatedness regardless of their identifiability in existing 
classifications. .
4.2.7 Numerical phenetic analysis.
Calculation of test error:
The data from duplicate cultures (see section 4.2.3) was 
used to gain an estimate of P, the average probability of an 
erroneous test result (for all of the data used in the
computation of similarities).
Using the method of Sneath and Johnson (1972) the 
individual test variance (Si2 ) was calculated from the Pi 
(the probability of an error in an individual test -estimated 
from duplicate data) value using S i 2= Pi(l-Pi).
Pooled variance (S2 ) was computed using 60 individual test
variances using S 2 = 1/n [Si 21 + S i 22 + ...S i 2n ], and was used in
the following equation, P= 0 . 5(1-J 1 - S 2 ), to calculate P. Each
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of the quantitative celi dimension categories were additively 
coded (each comprising two binary characters) and were only 
used once in the above calculations.
Selection of tests for use in cluster analysis:
Tests were excluded from the data matrix (used for cluster 
analysis) if they gave poor reproducibility (ie:- S i 2>0.1 )
or were not sufficiently discriminatory (ie:- most or all 
strains gave either positive or negative results). (see 
results section)
Coding of data:
For computer analyses all binary characters were scored as 
1 (for a positive result) or 0 (for a negative result). In 
addition to 58 qualitative characters (see results section), 
the quantitative values for "length" and "length to width 
ratio" were each coded in an additive manner (see Sneath, 
1978) over two binary characters. The final data matrix 
contained data for 130 strains over 62 characters, and was 
checked twice for corrections before computation.
C o m p u t a t i o n :
Similarity matrices were calculated using the simple 
matching coefficient (Ssm; Sokal and Michener, 1958) and the 
Jaccard coefficient (Sj; S n e a t h ,1957). Phenograms were 
constructed from similarities using unweighted-pair-group- 
arithmetic average (UPGMA) sorting (Sneath and Sokal, 1973). 
Details about similarity measurements and the hierarchical
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clustering techniques used are also given by Dunn and Everitt
(1982). The method of Sokal and Rohlf (1962) was used to 
calculate cophenetic correlation coefficients.
All the above calculations were made using CLUSTAN 1C 
release 2 package (Wishart, 1978) on the prime 750 computer 
system at the University of Surrey.
4.2.8 Assessment and description of phena.
The GPROPS program (T.N.Bryant, unpublished) was used for 
the following assessment of the groups obtained from the 
cluster analysis :
i) Taxon radii were calculated for each phenon, and 
deviation (in euclidean distance) of each phenon 
member from the phenon hypothetical mean organism was 
c a l c u l a t e d .
ii) An identification matrix giving percent positive 
results for each phenon was also computed for each 
p h e n o n .
iii) Characters most useful in the identification of phena 
were also quickly determined from a +/-/v matrix 
created using the following cut off values:
>85% of strains positive for a = + (for phenon) 
particular character.
<15% of strains positive for a = - (for phenon) 
particular character.
15-85% of strains positive for = d (for phenon) 
a particular character.
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Phena and unclustered organisms were identified as far as 
was possible using the following diagnostic keys and papers.
General : Krieg (1984).
Gibson et_ a l . ( 1977).
Cowan (1974).
Baumann et. al_. ( 1972).
Pseudomonas/Alteromonas and Marinomonas :
Enger et a l .(1987).
Baumann e_t al_. ( 1984a).
Baumann et al_. ( 1984c).
Van Landschoot and Deley (1983).
\
Baumann and Baumann (1981).
Gray and Stewart (1980).
Hendrie and Shewan (1979).
Lee et a l . ( 197 7) .
Vibrio (B e n e c k e a )/Aeromonas :
Bryant e_t al_. ( 1986).
4.2.9 Identification of isolated strains.
West et a l . (1985).
Baumann et al. (1984b)
West et a l . ( 1983) .
Baumann et al. (1981).
Lee et_ .a l . ( 1979) .
Ruger ( 1972 ) .
Baumann et a l . (1971).
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Hayes et. a_l. ( 1979).
Mcmeekin and Shewan (1978).
Christensen (1977).
■ Hayes (1977). .
Mitchell et. al_. (1969).
4.2.10 Application of immunological techniques in marine 
e c o l o g y .
The use of immunofluorescence techniques in microbial 
ecology has been reviewed by Bohlool and Schmidt (1981). In 
marine systems these have found use in the identification and 
enumeration of Chroococcoid cyanobacteria (Campbelle_t a l . , 
1983) and the ammonium-oxidising bacterium Nitrosococcus 
oceanus (Ward and Perry, 1980), whilst Zambon et a l ., (1984) 
have successfully applied this technique to the in situ 
identification of gram negative bacteria in marine 
microfouling films (organisms located in naturally formed 
films on glass included two Pseudomonas spp. (including P. 
putrefasciens - now classified in its own genus, Shewanella 
), Vibrio alginolyticus , Comamonas terrigena 
and an Achromobacter s p . ).
To date, TEM immunocytochemical techniques have not been 
applied to the study of marine fouling bacteria in situ. 
These techniques successfully applied could provide more 
accurate localization of bacteria and their products within 
any part of even the thickest fouling films, and thus provide
Flavobacterium/ Cytophaga group :
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detailed information concerning the ecological location of 
specific bacteria. Coupled with other techniques TEM 
immunocytochemistry could become a powerful tool to the 
marine microbial ecologist. The following sections outline 
the methods used in attempts to apply TEM immunocytochemical 
labelling to the location of bacteria within a marine fouling 
film. The particular method used was a relatively recent 
post-embedding immunolabelling technique using a protein A - 
gold probe (See Romano and Romano (1977); Roth et a l ., (1978) 
and Demay (1984)).
4.2.10.1 Production of a n t i s e r a . ■
Four strains of bacteria were selected for antibody 
production (strains 43 and 111 (of phenon 8 B I ) and strains 36 
and 97 (of phenon 6 A ) .). Eight 200g rats initially recieved 
1ml intraperitoneal (I.P.) injections (two rats per bacterial 
strain) of 1:1 emulsion of bacterial suspension plus Freund's 
incomplete adjuvant (prepared by adding 1ml Freund's 
incomplete adjuvant (30ml "Arlacel A" (Sigma) + 170ml light 
liquid paraffin) to 1ml of autoclaved bacterial suspension 
(10 cells/ml) mixing by vortex mixer and then jetting 
through a syringe to create a white emulsion. Bacteria for 
suspensions were harvested from marine agar and suspended 
in pyrogen free, deionised water ("Milli-Q" with Organex 
cartridge). This treatment was repeated 2 weeks later, 
followed by two further 1ml I.P. injections of autoclaved 
bacterial suspension only (again at two week intervals)
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followed by a final I.P. injection 2 weeks later of 1ml of 
1:1 bacterial suspension plus complete adjuvant (Difco bacto 
H A 3 7 R A ) . Blood was taken 10 days later.
4.2.10.2 Assessment of antibody t i t e r .
Blood from trial (0.5ml after one and two months) and 
final bleedings was placed in glass test tubes, "ringed" 
using a sterile wooden needle and allowed to stand to clot. 
After clotting, the blood was centrifuged for 10 minutes at 
3,000 rpm and the sera removed by pasteur pippette. Blood 
from the final bleeding was frozen (in 2ml volumes in sealed 
microfuge tubes) at -70°C. The antibody titer was assessed by 
agglutination assay and by use of a Streptavidin-biotin based 
ELISA technique (using biotylated sheep anti-rat polyclonal 
a n t i b o d i e s ).
4.2.10.3 Preparation of material and l a b e l l i n g .
Protocols for the immuno-labelling procedures were as 
f o l l o w s :
Protocol 1 .
1) Float grids (section side down) on to 50ul drops of
hydrogen peroxide (10%w/v, freshly made up) for 5-10 
minutes (To etch the section surface to expose antigens).
2) Transfer grids to (PBS) phosphate buffered saline (lOO/il 
drops, 3 changes of 2 minutes each.).
3) Drain (but do not dry) grids. Float grids on 20ul
drops of antiserum (appropriately diluted in Tris
(5 0 m M,pH7.4 + 1% (B.S.A) bovine serum albumin (Sigma
256
fraction V)) for 60 minutes at room temperature.
4) Drain grids, then wash by floating on 6 (lOO^ul) drops of 
Tris buffer (5 0 m M , p H 7 .4), for 2 minutes each drop.
5) Transfer grids to 100^1 drops of Tris buffer 
(50mM,pH7.4) + 0.1% BSA. Do for 3 changes of 2 minutes 
upon each d r o p . )
6) Float each grid on to 2 (lOOpl) drops of Tris buffer 
(5 0 m M , p H 8 .4), 5 minutes per drop.
7) Place each of the grids on to a lO^ul drop of diluted gold 
probe for 60 minutes (The probe was diluted 1:20 in Tris 
buffer (50mM,pH8.4) + 1% BSA).
8) Wash each grid by floating on 6 (10Op1) drops of PBS, 2 
minutes per drop.
9) Wash each grid (drOpwise whilst holding with forceps) 
thoroughly with distilled water.
10) Retain grids on drops of distilled water until staining 
with uranyl acetate and lead citrate in the normal way.
Protocol 2 .(Based on that of Beesley et al (1982).)
1. Float grid ,section side down, on to 20^1 drop of 
antiserum (diluted as required in Tris buffer (0.5 M ,p H 7 .4 
+ 0.1% w/v gelatine + 1% w/v Tween 20 + 1% w/v ovalbumin) 
for 60 minutes at room temperature.
2. Wash with water from bottle whilst holding grid. Drain 
section by touching edge on blotting paper.
3. Place grid on 20pl drop of protein A-gold probe (diluted 
1:20 in above buffer) for 60 minutes at room temperature.
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4. Wash with water as before.
5. Stain.
In both protocols:
A. Uncoated sections on clean 200 mesh nickel grids were 
u s e d .
B. All buffers and washing solutions were 0.4^um filtered.
C. Grids were floated section side down on droplets placed 
on a wax sheet.
D. Forceps were rinsed and dried between grids.
E. When osmicated material was being used, a further etching 
step was performed by placing grids (section side down) 
on to a 50^1 droplet of sodium metaperiodate for about 
60 minutes, followed by rinsing in 3 changes of PBS 
(lOOpl d r o p s , 2 minutes each drop).
All specimens (biofilms and control (bacteria) materials) 
were fixed in 1% glutaraldehyde or formaldehyde (some were 
also post fixed in 0.1% osmium tetroxide). Dehydration and 
embedding procedures were as used in chapter 3 except for the 
use of the rapid cure formulation of Spurrs resin.
Best antiserum dilutions were found by a process of trial 
and error.
Controls used to check staining were : Substitution of the
appropriate antiserum with buffer, rat pre-immune (normal) 
sera and inappropriate antisera (15nm size gold probe was 
used throughout.).
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4.3 RESULTS.
4.3.1 Characteristics of s t r a i n s .
The results of all tests performed on all isolates and 
reference strains are given in appendix A. Percentage 
positive responses for all tests used for numerical taxonomic 
purposes are given in Table 4.7, percentage positive results 
for tests not used in the data matrix are given in Table 4.8.
4.3.2 Test reproducibility and selection for use in 
numerical a n a l y s e s .
Calculated variances for all individual characters used in 
the data matrix (used for computation of similarities), are 
given in Table 4.7. These 60 individual test variances were 
initially used to calculate the pooled variance, S 2 .
The average probability (P) of an erroneous test result, P 
= 0.0325, was calculated from the pooled variance (S2 =
0.0336). Characters not used in the computation of 
similarities are listed in Table 4.8 with reasons for their 
exclusion from the data matrix used by the CLUSTAN package.
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TABLE 4.7 : Discriminatory power and reproducibility of tests used in
  the numerical taxonomic study.
CHARACTER
INDIVIDUAL TEST 
VARIANCE. (Si2)
PERCENTAGE OF 
STRAINS§ POSITIVE 
FOR CHARACTER.
CELL LENGTH <2 /im 16 1%
CELL LENGTH 2-4 /im 0.000 68 5%
CELL LENGTH >4 ^ m 15 4%
LENGTH:WIDTH RATIO <2.5:1 66 2%
LENGTH:WIDTH RATIO 2.5-4:1 0.000 24 6%
LENGTH:WIDTH RATIO >4:1 9 2%
MOTILITY 0.000 93 8%
SPREADING 0.000 16 9%
PIGMENTED 0.000 17 7%
DIFFUSIBLE PIGMENTS 0.000 17 7%
U.V FLUORESCENT PIGMENTS 0.040 9 2%
GLUTINOUS GROWTH 0.000 10 0%
GROWTH AT 5°C 0.040 82 3%
GRCWTH AT 10°C 0.040 88 5%
GROWTH AT 30°C 0.076 88 5%
GRCWTH AT 37°C 0.076 40 0%
GROWTH ON 0% NaCl 0.040 8 5%
GROWTH ON 0.5% NaCl 0.040 68 5%
GROWTH ON 6% NaCl 0.000 84 6%
GROWTH ON 8% NaCl 0.040 44 6%
ANAEROBIC GROWTH 0.076 81 7%
ARGININE HYDROLYSIS 0.040 56 9%
CATALASE 0.076 73 1%
HYDROGEN SULPHIDE PRODUCTION 0.000 3 8%
INDOLE PRODUCTION 0.040 65 4%
MOF-GLUCOS E(+=FERMENTATIVE) 0.000 79 2%
M.R. TEST 0.040 66 2%
NITRATE REDUCTION 0.040 86 2%
NITRITE REDUCTION 0.000 82 3%
OXIDASE 0.040 86 9%
PHENYLALANINE DEAMINASE 0.076 33 8%
AESCULIN DEGRADATION 0.040 11 5%
AD3INASE 0.076 11 5%
AMYLASE ' 0.040 62 3%
CASEIN HYDROLYSIS 0.000 36 9%
CHITINASE 0.000 19 2%
GELATINASE 0.000 66 9%
LECITHINASE 0.076 46 9%
§ - Including reference strains. (Table continued overpage)
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Table 4.7 (continued)
CHARACTER
INDIVIDUAL TEST 
VARIANCE. (Si2)
PERCENTAGE OF 
STRAINSS POSITIVE 
FOR CHARACTER.
TWEEN 20 HYDROLYSIS 0.040 92.3%
TWEEN 40 HYDROLYSIS 0.000 87.7%
TWEEN 60 HYDROLYSIS 0.040 89.2%
TWEEN 80 HYDROLYSIS 0.040 86.9%
PROTEOLYSIS 0.040 60.8%
TANNIN OXIDATION 0.000 13.8%
UREASE 0.040 10.8%
"CETRIMIDE" RESISTANCE 0.000 81.5%
CRYSTAL VIOLET RESISTANCE 0.076 83.8%
METHYLENE BLUE RESISTANCE 0.040 67.7%
0/129 SENSITIVITY 0.040 62.3%
GROWTH ON T.C.B.S. 0.040 66.2%
GROWTH ON "TEEPOL" 610 0.040 90.0%
UTILIZATION OF L-ARABINOSE 0.000 ' 16.2%
UTILIZATION OF D-FRUCTOSE 0.040 64.6%
UTILIZATION OF D-GALACTOSE 0.040 61.5% '
UTILIZATION OF D-GLUOOSE 0.040 72.3%
UTILIZATION OF D-MANNOSE 0.076 34.6%
UTILISATION OF -L-RHAMNOSE 0.000 15.4%
UTILISATION OF D-XYLOSE 0.040 7.7%
UTILISATION OF ACETATE 0.000 73.8%
UTILIZATION OF CITRATE 0.000 58.5%
UTILIZATION OF CELLOBIOSE 0.000 44.6%
UTILISATION OF SUCROSE 0.076 30.0%
UTILIZATION OF D+GLUCOSAMINE 0.076 45.4%
UTILIZATION OF MANNITOL 0.076 54.6%
§ - Including reference strains.
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TABLE 4.8: Percentage positive responses for characters not used in 
numerical analysis and reason(s) for their exclusion from 
the latter. (* includes reference strains)
PERCENTAGE OF REASON FOR
CHARACTER STRAINS* POSITIVE EXCLUSION FROM
FOR CHARACTER NUMERICAL ANALYSIS
J-|-r ULWDC. U -L J.U1N
D-FUCOSE UTILIZATION 
AMMONIA PRODUCTION
y
5
44
4%
6%
IRREPRODUCIBLE
LYSINE DECARBOXYLASE 0 0%
AGAROSE DEGRADATION 0 0%
PECTINOLYTIC 0 0%
PHENOL RED RESISTANCE 100 0%
GROWTH ON 2% NaCl 100 0%
GROWTH AT 20°C 100 0% NOT
GROWTH AT 15°C 100 0% DISCRIMINATORY
GROWTH AT pH 2 0 0%
GROWTH AT pH 6 100 0%
GROWTH AT pH 8 100 0%
GLUCURONATE UTILIZATION 0 0%
GLYCOLLATE UTILIZATION 0 0%
GRAM REACTION 1 5% (1)
ROUND ENDED CELLS 97 7%
V.P. 1 5%
COLONY MORPHOLOGY CHARACTERS
CELLULOSE DEGRADATION 0 8%
AGAROLYTIC 0 8%
GROWTH ON 10% NaCl 7 7% (1) LITTLE
GROWTH AT 25°C 98 5% DISCRIMINATORY
GROWTH AT pH 4 6 2% POWER
GROWTH AT pH 10 99 2%
FLEXIBLE CELLS 4 6% (2)
CURVED CELLS 17 7% (2)
BRILLIANT GREEN RESISTANCE 99 2% (3)
GALACTURONATE 0 8%
LUMINESCENCE 0 8% (1)
GROWTH ON C.L.E.D. 6 2% (4) CHARACTER
GROWYH ON MACONKEY 6 9% (4) NOT SUFFICIENTLY
GROWTH ON 1% NaCl - 96 9% (4) INDEPENDANT FROM
GROWTH ON 4% NaCl 93 8% THOSE (5) USED
(1) - Isolates 100% negative.
(2) - Reproducible ?
(3) - Isolates 100% positive.
(4) - Little discriminatory power.
(5) - Refers to characters that were used in numerical analysis.
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Growth at pH=4 : Strains 72 and 74 produced non-diffusable
pinkish-orange pigment at pH4 but not upon 
the same medium at pH6 to pHlO.
Growth at pH=6 : Strains 2 and 100 produced non-diffusable
yellow and orange pigments respectively
at pH6 but not at other pH's tested.
Growth on sole carbon source:
Strains 88 , 89 and 97 produced green
pigments on mannose, Glucosamine and
mannose respectively, but not on other
sole carbon sources.
Agarolysis: Strain 89 was agarolytic upon the basal
medium and all sole carbon sources 
except fructose, mannitol, D-fucose and
D-mannose.
Methyl red test: None of the isolates produced a deep red
colour (although reference strains NCMB
1139, CCM 2582, CCM 2575 and NCMB 1900 
did). Deep orange was also taken as a 
positive result since it was clear cut 
from the (negative) yellow reaction.
U.V. fluorescent pigment production:
Orange (rather than green) fluoresence was 
o b s e r v e d .
Tannin oxidation: Strong positives were observed even
without growth.
4.3.3 Unusual test o b s e r v a t i o n s .
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4.3.4 Atypical test results for reference s t r a i n s .
The following refers to tests matchable in the literature, 
Strain-test combinations not mentioned gave expected results.
(STRAIN) (ATYPICAL RESULTS)
NCMB 2021: Negative for U.V. fluorescent pigment production.
CCM 2933: Oxidase and MOF negative. Positive for mannitol 
u t i l i s a t i o n .
NCMB 2084: Negative for sucrose and citrate utilisation.
NCMB 1900: Positive for rhamnose utilisation. Negative for 
alginase.
CCM 2582: Negative for glucosamine.
CCM 2575: Amylase negative, gelatinase positive.
CCM 320 : Oxidase negative.
SURREY
2239 : Lysine decarboxylase negative (rechecked twice).
4.3.5 Clustering of s t r a i n s .
Phenograms drawn for Sj-UPGMA and Ssm-UPGMA cluster 
analyses (Figures 4.1 and 4.2) showed a good degree of 
correlation with their respective similarity matrices 
(cophenetic correlations for Sj-UPGMA and Ssm-UPGMA 
phenograms were 0.948 and 0.886 respectively).
On the Ssm-UPGMA phenogram (simplified in figure 4.3), nine
"primary" clusters (defined above the 72% Ssm level) formed 
at the ends of the longer stems arising from major 
furcations. These clusters contained all of the strains 
except for strains 125 and 112 (see Table 4.9). Similar 
primary clustering was observed on the Sj-UPGMA phenogram
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Figure 4.1: Sj-UPGMA phenogram.
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Figure 4 . 2 : Ssm-UPGMA phenogram.
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Figure 4 . 3 : Simplified Ssm-UPGMA phenogram.
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TABLE 4.9 : Primary clustering of strains*.
CLUSTER OVERALL PHENETIC 
SIMILARITY
No.
STRAINS
STRAINS IN CLUSTER
1 Ssm = 72.6% 8 lr 47, 49, 81, 122,124,127..
sj = 45. 2% 5 If 47, 49, 56,124.
2 Ssm = 78.1% 6 4, 8, 26, 39, 61, 95.
S j = 46.5% 6 4, 8, 26, 39, 61, 95.
3 Ssm = 75.8% 4 126 ,138,129,130.
Sj = 38. 9% 3 126 ,128,130.
4 Ssm = 74.2% 3 30, 121,123.
Sj = 56.1% 3 30, 121,123.
5 Ssm = 76.8% 10 9, 34, 35, 54, 
79,100,115.
75, 76, 78,
Sj = 54.1% 10 9, 34, 35, 54, 
79,100,115.
75, 76, 78,
6 Ssm = 79.. 0% 5 14,
11 
*• 
1 i—1
I 
m 36, 74, 97.
Sj = 66., 5% 5 14, 31, 36, 74, 97.
7 Ssm = 81.,5% 11 57, 59, 63, 64, 65, 68, 69,
71, 72, 88,105.
Sj = 64..5% 11 57, 59, 63, 64, 65, 68, 69,
7 1 , 72, 88,105.
8 Ssm = 73., 4% 78 2, 3, 5, 6, 7 ,  1 0 , H f 12
,13, 15, 16, 17 ,  18, 19, 20
,21, 22, 23, 24 , 25, 27, 28
,29, 32, 33, 37 ,  38, 40, 41
,42, 43, 44, 45 , 46, 48, 50
,51, 52, 53, 60 , 62, 66, 67
,70, 73, 77, 80 , 82, 83, 84
,85, 86, 87, 89 , 90, 91, 92
,93, 94, 98, 99 ,101, 102, 103
, 104, 106, 107 , 108 , 109,
110 ,111 , 113, 114, 116,
117, 118 ,119, 120
Sj = 59,. 4% 79 (As for Ssm.+ strain 112)
9 Ssm = 75.0% 3 55,
1
Ln 
l 
CO 
I 
 ^
I
96.
Sj = 60.8% 3 55, 58, 96.
* = Unclustered s t r a i n s : (S s m ) 112 and 125
(Sj ) 81,122, 125, 127 and 129.
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above the 38% Sj level, confirming the general validity of 
the basic pattern of the Ssm-UPGMA clustering. The only 
movement of strains between these "primary" clusters formed 
from the two classifications were those of strains 122, 127
and 81 (lost from Ssm cluster 1), strain 129 (lost from Ssm 
cluster 3) and strain 112 (added to Ssm cluster 8), the 
clustering of all these strains was due to negative 
correlation under the Ssm-UPGMA classification. Within the 
primary clusters, subclusters of two or more organisms were 
considered phena if they had intracluster similarities of 
greater than 85% Ssm AND 70% S j . Altogether 90 strains (69% 
of the total studied) were recovered in 12 phenons defined in 
the above manner (see table 4.10). Taxon radii and vigour 
statistics are also given in Table 4.10. The closer the taxon 
radius is to 0.2, the more homogenius are the strains within 
the phenon. Vigour is the proportion of characters for which 
positve responses were recorded for strains within a 
particular phenon.
The reference strains used in this study (case numbers 
116-130) tended to cluster together in small groups of the 
more related types. NCMB 1967, NCMB 557 and NCMB 2084 (case 
numbers 122, 127 and 124 respectively) clustered together in
Ssm-UPGMA "primary" Cluster 1 , although NCMB 1967 and NCMB 
557 were lost from this cluster under the Sj-UPGMA 
classification. Ssm-UPGMA "primary" cluster 3 was composed 
solely of the reference strains CCM 320, SURREY 2067, CCM 317 
and CCM 314 (case numbers 126, 128, 129 and 130 respectively) 
which also appeared to have clustered largely as a result of
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TABLE 4 . 1 0 : Phenons defined above the 84.8% Ssm level and 
70.0% Sj level.
PHENON OVERALL PHENETIC 
SIMILARITY 
% Ssm % Sj
TAXON
RADIUS
VIGOUR No.
STRAINS
STRAINS IN 
PHENON
5A 85. 5 70.1 0. 262 0.4234
+0.0275
4 9,35,54,76
5B 87.9 74.1 0.232 0.4086
+0.0093
3 75,78,115
6 A 89.2 79. 8 0. 226 0.4919 
+ 0 . 0501
4 14,31,36,97
7A 84.9 72.0 0.249 0.4532
+0.0478
10 57,59,63,64, 
65,69,71,68, 
72, 88
8A 86.4 0.236 0.5636 
+0.0425
17 2,11,70,103, 
10,98,18,27, 
28,90,40,53, 
23,41,29,91, 
91, 108
8A+8C - 76.9 0. 298 0.5756 
+0.0540
19 8A (Ssm) + 
8C (Ssm)
8BI 89.0 85.1 0. 201 0.6935 
+0.0260
11 3,62,52,111 
113,110,22, 
99,43,50,104
8BII 88.0 83.5 0. 208 0.6508 
+ 0 .0332
20 12,13,16,19, 
82,84,101,92 
25,17,94,67, 
60,80,85,45, 
86,93,83,46
8C 90.3 - 0. 220 0.6774
+0.0228
2 89,107
8D 85. 7 77.6 0. 241 0.5685
+0.0390
12 5,7,20,21, 
44,33,106,37 
73,77,102
8E 87.1 77.1 0. 243 0.5161 
+0.0323
3 6,24,109
8F 88.7 81.6 0. 238 0.5565 
+0.0342
2 42,48
9A 91. 9 86.5 0. 201 0.5565 
+0.0114
2 55,58
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negative correlation (since under the Sj-UPGMA classification 
CCM 317 was lost from the group and remaining members were of 
low s i m i l a r i t y ) .
The Vibrionaceae reference strains NCMB 1900, CCM 2582, 
CCM 2575, NCMB 1280 and NCMB 1139 (case numbers 116, 117,
118, 119 and 120 respectively) clustered fairly close
together within, but at the periphery of "primary" cluster 8 
(both classifications). Reference strains NCMB 2021 and NCMB 
1962 (case numbers 121 and 123 respectively) clustered 
together with isolate strain 30 to form "primary" cluster 4 
(both classifications). • ■
4.3.6 Identification and characteristics of isolated s t r a i n s .
The characteristics for all phena are given in Table 4.11 
whilst those of strains in "primary" clusters 1, 2, 4 and 9
(strain 96 only) are given in Table 4.12 ("primary" cluster 
3 consisted solely of reference strains). These tables show 
details only for those characters used in the cluster 
analysis for a complete set of data for all tests see 
Appendix A. Table 4.13 lists strains that are suitable 
centrotypes for the phena defined above.
4.3.6.1 Primary cluster 1 .
The strains of this cluster were identified as 
pseudomonads (on the basis that they were all Gram negative, 
rods, motile (as if polarly flagellated), oxidase positive, 
catalase positive and MOF oxidative or no reaction (both
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Table 4.11: Phenon characteristics as percentage positive responses for characters
used in the cluster analysis. (Continued overpage)
CHARACTER
5A 5B 6A 7A
PHENCN 
8A 8BI 8BII 8C 8D 8E 8F 9A
cell length <2pm 0 0 0 0 24 9 0 50 0 0 0 0cell length 2-4pm 0 0 75 70 76 91 100 50 100 100 0 100cell length >4pm 100 100 25 30 0 0 0 0 0 0 ■ 0 0length:width <2.5:1 0 0 25 40 82 91 95 100 33 67 50 0lengthrwidth 2.5-4:1 0 0 75 50 18 9 5 0 67 33 50 100length:width >4:1 100 100 0 10 0 0 0 0 0 0 0 0motility 100 100 100 90 100 100 100 100 100 100 100 0pigmentation 25 0 100 90 0 0 0 0 0 0 50 0spreading growth 75 100 0 100 0 0 10 0 0 0 0 0glutinous growth 0 0 0 100 0 0 0 0 0 0 0 0diffusable pigment 50 100 0 100 0 0 5 0 0 0 0 0U.V fluorescent pig. 0 0 75 40 0 0 0 0 0 0 50 0growth 5°C 50 100 100 40 100 100 100 100 100 100 100 100growth 10°C 75 100 100 60 100 100 100 100 100 100 100 100growth 30°C 100 100 100 100 100 100 95 100 33 33 100 100growth 37°C 25 0 0 90 53 27 30 50 33 33 50 100growth 8% Nacl 0 0 0 0 18 100 100 50 0 33 0 100growth 6% Nacl 0 0 75 60 100 100 100 100 100 100 100 100growth 0.5% Nacl 50 100 100 0 65 100 95 100 33 100 100 100growth 0% Nacl 0 0 0 0 0 0 0 0 0 0 0 100anaerobic growth 0 0 100 80 94 100 100 100 100 100 100 100indole production 0 0 0 100 100 100 100 100 100 100 0 0arginine hydrolysis 25 0 0 0 100 100 100 100 100 0 100 50catalase 0 67 100 100 0 100 100 50 100 100 100 100MOF (glucose fermented) 100 100 0 100 100 100 100 100 100 100 100 100phenylalanine deaminase 0 0 0 0 0 82 95 50 58 33 0 0methyl red test 0 0 0 0 100 100 100 100 100 100 100 0nitrate reduction 100 100 100 100 94 100 100 100 100 100 100 100nitrite reduction 0 0 100 100 100 100 100 100 100 100 100 100hydrogen sulphide prod. 0 0 100 0 0 • 0 0 0 0 0 0 0oxidase 100 100 100 40 100 100 100 100 100 100 100 0starch hydrolysis 0 0 0 0 100 100 100 100 100 100 100 0gelatin hydrolysis 100 33 100 100 0 100 100 100 100 100 100 0proteolysis 100 0 50 0 77 91 95 100 92 100 50 0lecithinase 0 0 75 0 100 46 90 100 17 0 100 0chitinase 0 0 0 0 6 73 65 0 0 0 0 0casein hydrolysis 50 33 100 0 12 73 80 0 67 67 0 0alginase 0 0 0 0 6 100 0 0 0 0 0 0aesculin hydrolysis 0 0 0 10 0 9 35 0 0 0 0 100urease 0 0 0 0 0 45 0 0 0 0 0 100Tween 20 hydrolysis 100 100 100 100 100 100 100 100 100 100 100 0Tween 40 hydrolysis 100 100 100 100 100 100 100 100 100 100 100 0 ■TWeen 60 hydrolysis 100 100 100 100 100 100 100 100 100 100 100 0Tween 80 hydrolysis 100 100 100 100 100 100 100 100 100 100 100 0tannin oxidation 0 0 0 20 0 0 5 Q 8 0 0 100growth on TCBS agar 0 0 100 0 100 100 100 100 100 100 100 100growth on "Teepol" 610 100 67 100 100 100 100 100 100 100 100 100 100
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Table 4.11 (Continued)
CHARACTER
5A 5B 6A 7A
PHENON 
8A 8BI 8BII 8C 8D 8E 8F 9A
"Cetrimide" resistance 0 0 75 100 100 100 100 100 100 100 100 100
crystal violet resist. 75 33 100 100 100 100 100 100 83 67 100 100
methylene blue resist. 0 0 100 100 82 100 100 100 0 0 100 100
0/129 sensitivity(150ug) 100 33 0 0 100 100 85 100 100 100 100 0
util, glucosamine 0 0 25 30 53 91 65 100 17 0 0 100
util, fructose 25 67 25 0 100 91 100 100 100 0 100 100
util, acetate 100 67 0 0 88 100 95 100 100 33 50 50
util, mannitol 75 0 100 40 71 18 25 100 67 67 0 100
util, galactose 50 67 25 90 35 91 65 100 75 67 50 100
util, cellobiose 50 67 50 0 35 91 80 100 33 33 0 100
util, sucrose 0 0 0 0 6 91 5 100 67 100 0 50
util, citrate 0 0 0 10 100 100 95 100 92 0 0 0
util, glucose 100 100 75 10 100 100 100 100 100 0 100 50
util, mannose 25 100 0 30 53 82 0 100 25 100 0 100
util, rhamnose 0 0 0 0 53 0 0 50 8 0 0 100
util, arabinose 0 0 0 0 6 0 15 0 0 0 0 100
util, xylose 0 0 0 0 0 0 0 100 8 0 0 100
Table 12: Characteristics of non-fermentative isolates
clustering in Sj-UPGMA primary clusters 1 (strains 1 
,47,49,56),2 (strains 4,8,26,39,61,95),4 (strain 30) 
,9(strain 96),and 6 (strain 74).(Continued overpage) 
(*: l=purple-pink, 2=bright yellow, 3=brownish)
CHARACTER
1 47 49 56
STRAIN 
4 8 26 39 61 95 30 96 74
cell length <2um _ + + _ — _ — _ _ _ _ _ _
cell length 2-4um + - - + + + + + - + + + -
cell length >4um - - - - - - - - + - - - +
lengthrwidth <2.5:1 + + + + - - - + - - - - -
length:width 2.5-4:1 • - - - - + + + - + + + 4* +
length:width >4:1
motility + + + + + + + + + - + - +
pigmented* 1 - 2 3
spreading
glutinous growth
diffusible pigment
U.V. fluorescent pig. - - + - - - - - - - - - -
growth 5°C - - + - - - + + + + + + +
growth 10°C - - + + - - + + + + + + +
growth 30°C + + + + + + + + - + + + +
growth 37°C - - - - - - - + - - - - +
growth 8% Nacl + +
'
+
'
*** +
" "
+
"
+
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Table 4.12 (continued)
CHARACTER
1 47 49 56
STRAIN 
4 8 26 39 61 95 30 96 74
growth 6% Nacl + + + + + + + + + +
growth 0.5% Nacl + - - - - + + - — _ + + +
growth 0% Nacl - - - - - + - - _ - + + +
anaerobic growth - + - - + + - - + + _ + +
indole production - - - - - - - - - - _ _ _
arginine hydrolysis - - - - - - — — - _ _ _
catalase + + + + + + + +
MOF(glucose ) § - - - - - - 0 - _ - _ _ O
phenylalanine deaminase
methyl red test
nitrate reduction - + - - + - — — + _ _ _ +
nitrite reduction + - - - + + + + + + + + +
hydrogen sulphide prod. - - - - - - - - - - - - +
oxidase + + + -f + + + -f + + *{• +
starch hydrolysis - + - - - - - - - — — + —
gelatin hydrolysis + + - + +
proteolysis - + - - - + - - - - - + -
lecithinase +
chi tinase
casein hydrolysis
alginase
aesculin hydrolysis
urease - - - - - - - - - - + + _
Tween 20 hydrolysis + + + + + - - - - + + + +
Tween 40 hydrolysis - + + + + - - - - - + - +
Tween 60 hydrolysis - + + + + - + + - - + — +
Tween 80 hydrolysis + + + + - - - - - - + _ +
tannin oxidation - - - - - - - - — -f + + +
growth TCBS agar - - - - - - - - - - _ _ _
growth "teepol" 610 - - - - + + + + + + + + +
"Cetrimide" resistance - - - - + + - + + + + + +
crystal violet resist. + + - - + ■f + + + + - + +
methylene blue resist. + - + - + + + + + + + +
0/129 sensitivity(150ug) - - - - - - - - - - - - -
util, glucosamine + + - + - + + +
util, fructose - - - - - - + - - - + + —
util, acetate - - + - - - + + + H- + + —
util, mannitol - + + - + + + + + - + — +
util, galactose - - - - - + + - + - + — +
util, cellobiose - - - - - - + - + - + + _
util, sucrose - - - - - - - - - - + + +
util, citrate - - - + - - + + - - + _ _
util, glucose
util, mannose
util, rhamnose + _
util, arabinose + + _
util, xylose + -
§ = oxidative(O) and no reaction(-), both coded as 0 for 
calculation of similarities.
the
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TABLE 4 . 1 3 : Suitable type organisms for the phenons defined
in this s t u d y .
PHENON CENTROTYPE 
(STRAIN)
DISSIMILARITY* 
MEAN ORGANISM
TO HYPOTHETICAL 
MEDIAN ORGANISM
5A 35 0.05 0.06 '
5B 78 0.03 0.03
6A 31 0. 03 0.05
7A 59 0. 04 0. 05
8A 18 0.03 0.03
8BI 113 0. 01 0. 00
8BII 16 0.01 0.00
8C 107 0. 02 0.03
8D 21 0.02 0.00
8 E 24 0. 03 0.02
8F 42 0.03 0. 03
9A 58 0.02 0. 03
* = Disimilarity measured as [Euclidean d i s t a n c e ] 2 .
these responses were coded as negative).). They all had a 
requirement for salt, grew on 6-8% salt, gave no acid in the 
MOP test and were negative for arginine hydrolysis suggesting 
(from the keys of Gibson e_t aJL. ( 1977) and Hendrie and Shewan 
(1979)) that they are probably Alteromonas spp. Under 
both classifications the reference strain Alteromonas 
haloplanktis (NCMB 2084, strain 124 in this study) clustered 
within this group, having a Sj similarity of 62.5% with 
strain 56. The latter strain matched all the features for 
Alteromonas haloplanktis given by Hendrie and Shewan (1979) 
and Gibson e_t aJL. ( 1977 ) which were tested for in this study, 
although its pattern of sole carbon source utilization did 
not match those for strains described by Baumann et_ a l . 
(1984a). Strains 47, 49 (which produced a non-diffusible
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yellow pigment) and 1 (which produced a non-diffusible 
purple-pink pigment) could not be identified further.
Strain 8 1 .
Strain 81 was a deep orange pigmented ,motile, oxidase 
and catalase positive, Gram negative rod. It was generally 
unreactive in test media - although it grew moderately well, 
this strain gave few positive results and could only be 
identified as a pseudomonad.
4.3.6.2 Primary cluster 2 .
Strain 95 was identified as a Moraxella-like sp..'Since it 
was a Gram negative, oxidase positive, non-motile rod which 
gave a negative reaction in the MOF test. The remaining 
strains having similar features except being motile (as if 
polarly flagellated) and in the case of strain 26, oxidative 
in the MOF test, could only be identified as pseudomonads. 
Strain 8 did not have a requirement for salt. Unlike the 
strains of primary cluster 1 all were negative for catalase, 
gelatinase, amylase and Tween 80 hydrolysis (they were 
variable for hydrolysis of Tweens 20, 40, 60), and positive
for growth on "Teepol" 610, nitrite reduction, "Cetrimide" 
resistance (except strain 26, which was sensitive to 
"Cetrimide") and utilization of mannitol. In contrast to 
strains 4, 8 and 39, strains 26 and 61 utilized a relatively
large number of sole carbon sources.
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4.3.6.3 Primary cluster 4 .
Strain 30, a non-pigmented organism that had no 
requirement for salt, was negative for hydrolysis of 
arginine, amylase, gelatinase and lecithinase, and was 
positive for hydrolysis of Tweens, urease, growth on "Teepol" 
610, "Cetrimide" and a range of sole carbon sources.
Under both classifications used in this study, strain 30 
clustered with Pseudomonas Sp. reference strain NCMB 2021 
(strain 121 in this study) at 77.4% Ssm and 62.2% Sj levels 
and with the Marinomonas vaga reference strain (NCMB 1962; 
strain 123 in this study) at 74.2% Ssm and 56.1% Sj levels.
The clustering of strain 30 and reference Strain NCMB 2021 
suggests that these organisms would be most appropriately 
classified as species of Mar inomonas, but not necessarily as 
M . v a g a .
4.3.6.4 Primary cluster 5 .
Phenon 5 A .
This phenon was identified as Flexibacter sp. .The strains 
were gram negative, straight, but flexuous rods, exhibiting 
gliding motility (motile at the broth/coverslip interface, 
otherwise showing only "flexing" with little movement). These 
bacteria were about 5.5-6 ^ m  long with a length to width 
ratio of 10-12:1. On marine agar they produced flat, 
swarming (except strain 9), yellow/cream or brownish growths 
with lobed margins (which were initially translucent, 
but became transparent in older cultures) on solid media. 
Some produced brown diffusable pigment. All were weakly
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fermentative but incapable of anaerobic growth, and none 
could degrade polysaccharides. In the Hayes (1977) 
description of Flexibacter weakly fermentative, MR negative 
forms were included.
All strains of phenon 5A were sensitive to the pteridine 
0/129 - a feature found in the Flavobacterium / Cytophaga /
Flexibacter group (Gibson e_t a l . , 1977 ). .
The strains described here resembled the marine 
Flexibacterium F.aurantiacus var copedarum (see Christensen, 
1977) in some respects Negative for starch hydrolysis,
catalase, production of Hydrogen Sulphide and indole; 
positive for gelatin hydrolysis and salt requirement (but 
with a very restricted range of growth concentrations 
variable within 0.5-4%) and not in ' others (negative for 
yellow pigment, positive for nitrate reduction; it resembles
F .aurantiacus (a freshwater species) in cell length
(F.auranticaus var copepodarum is less than 5 ^ pm long).).
Phenon 5 B . •
The strains of this phenon were Gram negative, straight, 
flexuous rods (length : width ratio 10:1), exhibiting gliding 
motion, and were also of similar length to the strains of
phenon 5A (except strain 78 which was about 8.5 ^ m  long).
Unlike phenon 5A strains, all were negative for the
utilization of mannitol, proteolysis, arginine hydrolysis and 
growth at 37°C and positive for swarming, producing yellowy- 
cream colonies and brown diffusible pigments, growth on 0.5% 
salt, growth at 5°C and 10°C and mannose utilization.
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The presence of strains positive for catalase and negative 
for gelatinase and 0/129 sensitivity were other differences 
from phenon 5A.
Although disimilar in a number of respects to phenon 5A, 
the strains of this phenon had similar basic characteristics 
and were also identified as Flexibacter S p . .
Strains 34,79 and 1 0 0 .
These strains were very similar to phenons 5A and 5B in
vegetative cell and colonial morphology, biochemical
characteristics (except for strains 100 being oxidase 
negative), physiological properties, degradative ability 
(except for strain 100 being negative for Tween 60 hydrolysis 
and strain 34 being negative for Tween 80 hydrolysis) and 
sole carbon source utilization (with some exceptions). These 
strains were also identified as Flexibacter S p . .
4.3.6.5 Primary cluster 6 .
Phenon 6 A .
This phenon was identified as "Alteromonas putrefasciens- 
like" because the phenon characteristics matched quite well
those given by Lee et a_l. ( 1977) and Hendrie and
Shewan (1979) for Alteromonas p u t r e f a s c i e n s . Matching 
characteristics were : (polarly flagellated) motile Gram
negative rods, producing pinkish-orange colonies; most 
strains were MOF negative (oxidative strains were strains 
31,36 and 97); all strains positive for H 2 S production, 
hydrolysis of Tweens, casein hydrolysis, nitrate reduction
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and production of gelatinase; all strains negative for 
hydrolysis of starch and arginine, lysine decarboxylase, 
utilisation of L-arabinose. Strains were variable for 
lecithinase production and utilization of glucose-, galactose 
and glucosamine. Discrepancies with published details of 
A.putrefasciens were a requirement for salt and the 
production of U.V. fluorescent pigment.
MacDonnel and Colwell (1985) have proposed a separate 
genus, S h e w a n e l l a , for A^_ putrefasciens on the basis of 
comparisons of SSRNA sequences. The isolated organisms would 
more correctly called Shewanella putrefasciens-like.
Strain 7 4 .
This was identified as an "Shewanella putrefasciens-like" 
sp..This strain was generally quite similar to the strains of 
■phenon 6A except for the production of brownish colonies (at 
p H 4 pinkish orange colonies were produced), and production of 
U.V. fluorescent pigments and being negative for casein 
hydrolysis. It also differed in that it had no requirement 
for salt (it grew on MacConkey and CLED media) and could 
oxidise tannin.
4.3.6.6 Primary cluster 7 .
Phenon 7 A . .
The strains of this phenon were Gram negative rods about
2.5 to 3 urn long (strains 57, 72 and 88 were 4 to 4.5 ^ m
long), with a length to width ratio of 2-3:1 (for strain 88, 
8:1). All strains were motile as if polarly flagellated
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(except the non-motile strain 69), grew aerobically and 
attacked glucose fermentatively. Most were facultatively 
a n a e r o b i c .
The strains of this phenon did show some similarity to the 
Cytophaga/Flexibacter group in that all were brownish 
coloured (except strain 68) swarmers on solid m e d i a ,producing 
brown diffusible pigment and copious ("sticky") extracellular 
polysaccharide. Degradative properties were similar to those 
of phenons 5A and 5B, however some resistance (all phenon 7A
strains we re resistant to "cetrimide" and 0/129) and
biochemi cal (7A strains were positive for catalase, indole
product ion and nitrite reduction and variable for oxidase
p r o d u t i o n ) characters were markedly different. Some strains
produced U.V. fluorescent pigments. Sole carbon source
utilization patterns were either none utilized (strai n 57);
only galact ose (strains 59, 65, 68 and 72); only mannitol and
g a l a c t o s e ; and glucosamine (strains 64 and 69) ; only
galactose, glucosamine and D-fucose (strain 71); only
g a l a c t o s e , g a l a c t u r o n a t e , mannitol, glucose and mannose
(strain 88).
The range of salt concentrations allowing growth was
variable . Most strains (57, 59, 63, 64, 65 and 68) grew only
within concentrations between 1 to 6% salt; others were
restricted -strains 71 and 72 grew in between 1 to 4% salt
and strains 69 and 88 grew within 2 to 4% salt only.
Strain 1 0 5 .
This unidentified strain was similar to phenon 7A, but is
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considered separate because it was negative for gelatinase, 
hydrolysis of Tweens (40, 60 and 80) and utilization of
galactose, and was positive for proteolysis and utilization 
of acetate. Its micromorphology was similar to strains 57 and 
72 of phenon 7A.
4.3.6.7 Primary cluster 8 .
This cluster was formed at the 73.4% Ssm and 59.4% Sj 
levels. The strains within this cluster displayed a fairly 
high degree of similarity to each other, and a good number of 
characters were invariant for phenons 8A to 8F and clustered 
strains (see table 4.14). ■
Primary cluster 8 was designated as Vibrio containing on 
the basis that strains had the following attributes: All were 
Gram negative, straight or curved rods exhibiting flagellar 
motility, oxidase positive, metabolised glucose
fermentatively. They were sensitve to the pteridine 0/129 and 
required salt for growth, indicating that they were not 
Aeromonas s p p . . Other attributes did not generally match 
those known for Photobacterium S p p . .
Phenon 8 A .
The strains of this unidentified phenon were curved rods 
(except strains 41, 70 and 98 which were straight), 1.5-2 ^ um
long (strains 40, 53, 91 and 103) or 2.5-3  ^ m  long with
length to width ratios of about 2:1 or 3-4:1 (strains 10, 11, 
23, 28 and 29). All strains were negative for catalase and
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Table 4 . 1 4 : Character states invariant for isolate strains
within primary cluster 8. ■
CHARACTERS STATE
Motile (as if polarly flagellated) (1)
Growth at 5 to 25°C (2)
Growth on 1 to 6 % salt.
Anaerobic growth (3)
(MOF) Fermentative
M.R. (4)
Nitrate reduction (5)
Nitrite reduction POSITIVE
Oxidase
Starch hydrolysis
Hydrolysis of tweens 20,40,60,80.
Growth on TCBS agar
Growth on "teepol" 610
Resistance to "cetrimide"
Sensitivity to 0/129 (6)
Length:width ratio >4:1 (7)
Glutinous growth
U.V. fluorescence (8) NEGATIVE
Growth on 0% salt (9)
Hydrogen sulphide production
Pigmentation (10)
(1) strain 24 (phenon 8E), motile as if p e r i t r i c h o u s / m i x e d .
(2) strain 109 (phenon 8E) negative for growth at 25°C.
(3) strains 70 (phenon 8A) and 66 (unclustered), negative.
(4) strain 66 (unclustered) negative.
(5) strain 103 (phenon 8A) negative.
(6) strains 60, 80, 85 (all phenon 83) and 66, 114 negative 
(unclustered).
(7) strain 51 (unclustered) positive.
(8) strain 48 (phenon 8F) positive.
(9) strain 114 (unclustered) positve.
(10) strain 48 (phenon 8F) was brownish coloured.
ge l a t i n a s e , phenylalanine deaminase, urease, alginase (except 
strain 91), chitinase (except strain 103), aesculin 
hydrolysis, and utilization of xylose, sucrose (except strain
2) and arabinose (except strain 29).
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All strains were positive for lecithinase production, 
arginine hydrolysis (thornley), methylene blue resistance 
(except strains 98, 103 and 108) and utilization of fructose, 
glucose, citrate, acetate (except strains 2 and 11). About 
half the strains were positve for rhamnose utilization 
(strains 10, 18, 29, 40, 41, 53, 90, 94 and 98). As detailed
in tables 4.11 and 4.14 all strains gave a fermentative 
reaction in the MOF test, and one strain (strain 10) 
generated a large amount of gas in a sealed tube (suggesting 
gas production from glucose).
The strains of phenon 8A could not be identified using any 
of the Vibrio diagnostic keys and tables consulted and 
therefore as a group appear to be a previously undescribed 
taxon. Underlined attributes above are particularly 
useful for distinguishing phenon 8 A from the other vibrios 
isolated here and those previously described in the 
l i t e r a t u r e .
Phenons 8BI and 8 B I I . •
These two phena were very similar and showed a high 
phenetic similarity under both classifications (87.1% Ssm and 
82.7% Sj), they were identified as Vibrio s p l e n d i d u s , with 
phenons 8BI and 8BII corresponding to V.splendidus biotypes I 
and II respectively. Table 4.15 gives characters which were 
useful in discriminating between the two biotypes.
Both were variable for chitinase and utilization of 
glucosamine and in these respects resembled phenon 47 (V.
s p l e n d i d u s ) of Bryant et a^. (1986). They also resembled
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Table 4 . 1 5 : Distinguishing features between phenons 8BI
and 8BII (V\_ splendidus biovars I and II).
CHARACTER Biovar
CHARACTER STATE*
I Biovar II
Lecithinase d +
Alginase + -
Aesculin hydrolysis - d
Urease d -
Util, glucosamine + d
Util, cellobiose + d
Util, sucrose + -
Util, mannose d -
Util. Arabinose - d
Util, galactose + d
* ( + = >85% + , d = 15-85% + , - = <15% + )
phenons 47 and phenons 25 and 26 (V.splendidus I and II 
respectively) of Bryant et a_l.( 1986) in that both were non- 
-luminescent and positve for arginine hydrolysis (thornley). 
Contrary to all published descriptions consulted, both 
biotypes grew on 8% salt, biotype I was variable for urease 
(instead of negative) and biotype II was positive for indole 
production and variable for utilization of arabinose and 
galactose (instead of negative). Two biovar II strains were 
capable of swarming on solid media. All other attributes in 
Tables 4.11 and 4.15 agreed with those in literature for 
Vibrio splendidus biovars I and II.
Phenon 8 C .
Although these two unidentified Vibrio strains form a 
separate grouping under the Ssm-UPGMA classification, they 
became part of phenon 8A when the Jaccard coefficient was
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used for similarity measurement. Unlike any strain in phenon 
8A, both these strains were positive for gelatinase and 
xylose utilization. Both could utilize a wide range of other 
sole carbon sources. Strain 107 was a curved rod (1.5-2 ^um 
long) and strain 89 a straight rod ( 2 . 5 - 3 ^ m  long).
Phenon 8 D .
The strains of this phenon were curved (strains 5, 7, 21,
32 ,33 and 77) or straight (strains 20, 37, 44, 73, 102 and
106) rods, 2.5-3^111 long with length to width ratios of 2­
3:1.
The strains of this unidentified Vibrio phenon appear to 
have properties that are central to the other Vibrio phenons 
isolated, but they can be distinguished from each of them by 
the following unique combination of attributes (which are 
found together in all phenon 8D strains):
- All strains are negative for:- growth on 8% salt.
- methylene blue resistance
- chitinase.
- All strains are positive for:- Arginine hydrolysis.
- Indole production.
- Catalase.
- Utilization of fructose 
, and acetate.
The above features separated phenon 8D strains from those of 
other isolated Vibr io phenons by at least 3 traits.
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The three strains of this phenon were all negative for 
arginine hydrolysis, utilization of glucose and fructose, 
methylene blue resistance and lecithinase production. The 
only carbon sources used by all 3 strains were mannose and 
sucrose. Micromorphology was similar to phenon 8D (strains 6 
and 24 were straight rods, and strain 109 was a curved rod). 
Strain 109 was the only cellulytic organism isolated in this 
study - it was also unusual in that it could use L-fucose.
Phenon 8 E .
Phenon 8 F .
The strains of this phenon possessed biochemical 
properties similar to phenons 8B, 8C and 8D, but were 
different from these and other Vibrio phenons in that they 
were negative for indole production.
Degradative and resistance properties were similar to 
those of phenon 8C (except strain 48 was negative for 
proteolysis). Compared with other Vibrio isolates these 
strains could use only a relatively narrow range of sole 
carbon sources. The following 8 tests separated them from the 
other vibrios by at least 4 traits:
Negative for indole
- utilization of mannose.
- utilization of citrate.
- utilization of mannitol.
- growth on 8% salt.
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Positive for : - gelatinase.
- methylene blue resistance.
- cell length > 4 ^ m  (both about 4.5 ^ m
l o n g ) .
Strains 15, 38, 51, 66, 87 and 1 1 4 .
These strains did not fall into any of the phenons 8A to 
8F described here, but were to be found within primary 
cluster 8 under both classifications. Details of these 
unidentified Vibrios are to be found in appendix A.
Strain 1 1 2 .
This unidentified obligately aerobic organism had many 
features in common with the Vibrios and under Sj-UPGMA 
classification did cluster at the periphery of primary 
cluster 8. However under the Ssm-UPGMA classification it was 
u n c l u s t e r e d .
4.3.6.8 Primary cluster 9.
Phenon 9 A .
Strains 55 and 58 (being facultatively anaerobic, non- 
motile Gram negative rods producing whitish cream colonies, 
positive for catalase, urease and the V.P. reaction, and 
negative for oxidase and phenylalanine deaminase) were 
identified as Klebsiella sp. Since they matched the Cowan 
(1974) definition. Two large mucoid yellow-orange 
coloured colonies produced on C.L.E.D. medium were similar to 
the colony form noted for Klebsiella in the oxoid manual. 
Features that separated these strains from others isolated
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were : strongly positive for aesculin hydrolysis; V.P.
positive; very heavy growth on xylose, arabinose and rhamnose 
sole carbon sources; growth at pH4 and weakly upon 0.2% 
tannin (positive for oxidation); growth upon MacConkey agar 
and without salt; generally negative for the production of 
extracellular degradative enzymes. Apart from strain 10 
(phenon 8A), they were only strains studied that produced 
large amounts of gas in the sealed MOF tube.
Strain 9 6 .
This strain was identified as Mo raxella-like. (since it 
was a non-,motile, Gram negative rod, MOF negative, positive 
for catalase and oxidase.). It most resembled Moraxella 
olsoensis (see table 7.4a, Cowan, 1974). This
strain did not grow on C.L.E.D medium, MacConkey agar or at 
p H 4 , but like phenon 9A strains had little extracellular 
degradative ability, used a variety of sole carbon sources 
(including rhamnose, arabinose and xylose), produced urease, 
oxidised tannin and grew without salt.
4.3.7 Composition of the isolated heterotrophic bacterial 
f l o r a .
Table 4.16 details the numbers of aerobically and 
anaerobically growing bacteria isolated on marine agar 2216. 
The anaerobic growth data for the characterised isolates (see 
table 4.7) suggests that about 82% were facultative 
anaerobes, thus the figure given in table 4.16 for
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Table 4 . 1 6 : Bacteria isolated upon marine agar 2216 
incubated aerobically (1) and anaerobically 
(2) expressed as numbers per c m 2 of (224 
days fouled) metal surface, and sulphate and 
nitrate reducers per c m 2 of surface.
Physiological types Bacteria per c m 2
Obligate
aerobes
+ facultative 
anaerobes
(1) 2. 76 X 105 .
Obligates
anaerobes
+ facultative 
anaerobes
(2) 2.17 X 105
Nitrate reducers. 5.94 X 104
Sulphate r e d u c e r s . _ *
§ = If isolation regime allowed survival.
* = Sulphate reducers were present but attempts to
enumerate them failed.
anaerobically grown isolates appears to account solely for 
facultative bacteria. Whether obligate anaerobes were 
rendered non-viable by the isolation procedure or were simply 
not present (or extremely rare) is a matter for conjecture. 
No sulphate reducing bacteria (SRB's) were isolated on this 
occasion, although some were isolated from surface scrapings 
of similar 224 day fouled steel using the methods of Bryder
(1983), so these anaerobes were present, but not picked up by 
the MPN method. The absence of blackening due to iron
sulphide within the fouling material suggested low numbers of 
SRB's or little sulphate reducing activity of the latter.This 
may well indicate that the methods used here were not 
suitable for other anaerobes. Quite high numbers of nitrate
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reducing bacteria were present within the fouling film 
(see table 4.16 ). The composition of the isolated obligately 
aero bic/facultatively anaerobic heterotrophic community is 
given in table 4.17. Overall, Vibrios (63.4% of isolates) 
were the dominant group , with lesser numbers of Pseudomonads 
(6.1%), Flexibacter Spp. (8.7%), Shewanella putrefasciens 
-like strains (4.4%), Klebsiella S p . (1.7%), Mora xe lla-like
Spp. (1.7%), unidentified (phenon 7A) organisms (9.6%) and 
unidentified, unclustered bacteria (0.9%). The Vibrios were 
dominated by Vibrio Splendidus (biotypes I and II) and by 
strains from two unidentified phenons (8A and 8D), whilst of 
the Pseudomonads, more than half could be considered as 
Alteromonas S p p . .
4.3.8 Growth physi ology of isolated s t r a i n s .
Details of the growth physiology for all isolated strains 
are given in Table 4.18.
Virtually all isolates grew within the pH range of 6 to 
10, with only a few able to grow in conditions more acidic 
than pH6. All strains grew at salt concentrations of 2% , 
increases or decreases in concentration brought a 
proportionate reduction in the number of strains growing. 
None of the isolates grew at 10% salt and at the other 
extreme, only about 6% grew in the absence of salt.
The majority of strains were able to grow within the 
temperature range of 5 to 30°C, although less than half were 
capable of growth at 37°C.
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Table 4 . 1 7 : Composition of the aerobic heterotrophic 
communi t y .
DESIGNATION APPROX. % EST. N O . / C M 2
(strain,phenon IDENTITY PROPORTION OF • METAL SURFACE
or cluster) ISOLATES
1 Alteromonas Spp. 3.5 9.66 X
nopH
Strain 81 Pseudomonad 0.9 2 . 48 X 103
2(strain 95) Moraxella-like Sp. 0.9 2.48 X 103
2 (other s) Pseudomonads* 4.3 1.19 X 104
4(strain 30) Pseudomonad 0.9 2.48 X 103
5A Flexibacter Sp. 3.5 9. 66 X 103
5B Flexibacter Sp. 2.6 7.18 X io3
5(strains 34, 
79, 100)
Flexibacter Spp.* 2.6 7.18 X 103
6A Shewanella putre- 
-faciens-like Sp.
3 . 5 9. 66 X io3
6(strain 74) Shewanella putre- 
-faciens-like Sp.
0.9 2. 48 X 103
7 A Unidentifiable 8.7 2.40 X 104
7(strain 105) Unidentifiable 0.9 2.48 X 103
8A Vibrio Sp. 14. 8 4.08 X 104
8BI V.splendidus I 9.6 2. 65 X 104
8BII V.splendidus II 17.4 4. 80 X 104
8C Vibrio Sp. 1.7 4.69 X 103
8D Vibrio Sp. 10.4 2. 87 X 104
8E Vibrio Sp. 2.6 7.18 X 103
8F Vibrio Sp. 1.7 4 . 69 X io3
u n c l u s t .8§ Vibrio Spp* 5.2 1.43 X 104
9A Klebsiella Sp. 1.7 4.69 X 103
9(strain 96) Mor axella-like S p . 0.9 2.48 X io3
Strain 112 Unidentifiable 0.9 2.48 X 103
§ = Strains 15, 38, 51, 66, 87, and 114. 
* = May include more than one species.
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Table 4 . 1 8 : Salt concentration, pH and temperature
requirements of isolated bacteria.
CHARACTER % ISOLATES POSITIVE FOR GROWTH
pH 2 0.0
4 6.1
6 100
8 100
10 99.1
Nacl 0.0 6.1
% 0.5 65.2
1.0 97.4
2.0 100
4 . 0 93.9
6.0 83.5
8.0 39.1
10.0 0.0
Temperature 5 86.1
°C 10 89.6
15 100
20 100
25 98.3
30 87.8
37 34.8
4.3.9 Carbohydrate utilization patterns of bacterial isolates 
The capacities of the various groups of isolated bacteria 
to attack and/or utilize different carbohydrate materials is 
given in figure 4.4 . The ability to degrade all of the 
polysaccharides tested for (except starch) was limited solely 
to the Vibrio groups; with cellulytic and agarolytic activity 
being contained within phenons 8E and 8C respectively; 
alginolytic activity was found only in phenon 8BI (Vibrio 
Splendidus I) and some unidentified Vibrios including one 
strain from phenon 8A; whilst chitinolytic activity was
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discovered only in phenon 8BI/8BII strains plus one phenon 8A 
strain. Amylase activity was mainly limited to the Vibrio 
phenons 8A-8F and unclustered V i b r i o , although one 
Alteromonas S p . , one Mor axella -like s p . and one unidentified 
bacterium also produced amylase.
Generally, the Vibrio and Klebsiella isolates had the 
greatest ability to utilize the widest range of component 
carbohydrate materials that occur in the storage and 
structural materials or mucilages of diatoms and algae. The 
Pseudomonad groups had the least tendancy for this. The 
utilization patterns for these carbohydrates • ranged from 
those that are used by a good proportion of the organisms in 
most groups (D-glucose, D-galactose, D-fructose, D-mannitol, 
sucrose, D-mannose, cellobiose and D - g l u c o s a m i n e ), to those 
whose utilization is restricted mainly to certain bacterial 
groups (g a l a c t u r o n a t e , L-Rhamnose and sucrose) and those used 
by a few organisms in each of a number of groups (such as L- 
arabinose, D-xylose and L-fucose). No strain was able to use 
glucuronate or glycolate as sole carbon sources.
4.3.10 I m m unola be lling.
Antibody titres for each of the antisera obtained were as 
f o l l o w s :
ANTISERUM (against strain) TITRE
A
B
C
D
E
F
G
H
43
43
111
111
97
97
36
36
1/4096
1/2048
1/4096
1/4096
1/256
1/4096
1/4096
1/32
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Cross-reactivity was noted between:
strain 111 and undiluted antisera A and B.
strain 43 and undiluted antisera C and D.
strain 36 and undiluted antisera E and F.
strain 97 and undiluted antisera G and H.
No cross-reactivity was observed between undiluted A,B,C and
D antisera and strains 36 and 97, or between undiluted E,F,G
and H antisera and strains 43 and 111.
The techniques (as outlined in section 4.2.10.3) proved 
successful for the localisation of each particular strain in 
"positive" control sections (see plate 53, figures 1,2 & 3) 
using antisera diluted in the range 1/8 to 1/32. Attempts to 
apply the technique to natural films were hampered by the low 
numbers of bacteria in prepared sections and the small 
(section) sample size. It can be stated however that no n ­
specific labelling of components of natural films did not 
appear to be a problem. On one occasion a low density of 
label was associated with exopolymer materials located by a 
bacterial colony (Plate 53 Figure 4) which apppeared to have 
produced these materials. The technique may have produced 
more conclusive evidence of successful labelling of bacteria 
or their products within i_n vivo formed films had there been 
time for a more detailed investigation involving a larger 
number of sections (increasing the chance of encountering 
bacteria of the species against which antisera were 
p r o d u c e d ).
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PLATE 53
TEM immunogold labelling of marine bacteria and their 
p r o d u c t s .
Figure 1 : Section of strain 43 cells labelled with 
colloidal gold particles (electron dense 
dots) using antiserum A diluted to 1/16 
strength. (Bar = l^m)
Figure 2 : Cells of bacterial strain 36 and their 
exopolymer materials (EP) labelled with gold 
particules (GP) using antiserum H diluted to 
1/32 strength. (Bar = l^am)
Figure 3 : Section through part of a colony produced 
upon marine agar 2216 by strain 36. 
Labelling was performed using antiserum H 
diluted to 1/8 strength. (Bar = l^am)
Figure 4 : Gold labelling (GP, arrowed) upon part of a 
section taken from the very base of the 
fouling upon 465 days immersed stainless 
steel (EP = Exopolymer; B = Bacterium; BC = 
Bacterial colony). Antiserum A at 1/16 
strength was used. (Bar = l^m)
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The aerobic heterotrophic bacterial community studied here 
was found to be dominated by Vibrios with lesser numbers of 
Shewanella p u t r e fa cs ien-like Spp., Pseudomonads, Flexibacter 
Spp., Klebsiella S p . , M o r a x e l l a -1 ike species, and some
unidentified (phenon 7A) organisms. The majority of these 
bacteria had a requirement for salt suggesting that they were 
of marine origin (although it should be noted that Vibrios 
generally are known to be stimulated by sodium ions (Baumann 
et a l . , 1984b). Bacterial isolates growing in the absence of 
salt (and thus possibly salt tolerant bacteria of terrestial 
origin) included Klebsiella S p . , a few Pseudomonads and a 
M o r axella-like S p . .
Virtually all bacterial isolates grew within the pH range 
6-10. Very few bacteria grew at pH's below pH6, and none of 
the seven isolates that grew at pH 4 were Vibr io Spp. . The 
general preference of the isolates for alkaline conditions 
might be expected considering the pH of seawater. A factor 
that may also have contributed to this preference is the 
considerable capacity for elevation of pH within the 
macrofouling community due to algal photosynthesis (Edyvean 
and T e r r y , 1981) and the nitrogenous excretions of ammonotelic 
animals (Cottis et a l .,1984 ) .
Some of the isolated strains could not grow below 10°C or 
15°C in culture, suggesting the possibility that reductions 
in water temperature iji vivo could select against these 
bacteria. Sieburth (1967) has noted the selective effects of 
in vivo water temperature variation upon the indigenous
4.4 D I S C U S S I O N .
The species composition noted in this study was quite 
different from that noted by Austin et_ a_l. (1979) for marine 
immersed wood and that observed from primary films on 
stainless steel by Carson and Allsop p (1981). The apparently 
less diverse community observed by Carson and Allsopp (1981) 
was dominated by Pseudomonads with lesser numbers of 
Mo r a x e l l a -like S p p . , Coryneforms and Micrococcus S p p . , giving 
a community dominated by non-facultative organisms - quite 
different from the present study in which facultatively 
anaerobic bacteria comprised a major proportion of the 
community. This may be of ecological significance considering 
that as fouling proceeds progressive thickenng of the fouling 
layer may result in less oxygenated areas favouring the 
growth of facultative organisms. Some otherwise aerobic (non- 
f e r m e n t a t i v e ) bacteria can, however, exist under reduced 
oxygen tension by means of nitrate respiration and some of 
those isolated in this study appeared to have this 
capability. Most of the isolated bacteria were capable of 
nitrate and/or nitrite reduction and it is interesting that 
Herbert (1982) has isolated nitrate dissimilating Vibrios, 
Klebsiellas and Pseudomonads from estuarine sediments. This 
may suggest similarities between the microbial ecology of 
harbour or estuarine fouling biofilms and that of marine 
or estuarine sediments. The bacterial flora of both are 
likely to have ultimately been derived from the water column, 
and in each oxygen tension appears to play an important role
bacterial populations of estuarine water.
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in bacterial species selection. Zones corresponding largely 
to specific communities growing at certain redox conditions 
are frequently discernable with depth in marine sediments 
(Nedwell, 1982). The involvement of macrofouling organisms 
and the heterogeneous distribution of surface fouling 
organisms may result in the existence of different 
microenvironments in fouling films, some of which may 
correspond to those of sediments. The vibrios isolated tended 
to have greater degradative capabilities than other isolates, 
and were generally better able to utilize the sole carbon 
sources than other bacteria in this study. Out of all the 
major isolate groups, only the Vib ri o-group contained 
degraders of all polysaccharides examined (except for 
starch). This indicated a greater metabolic diversity within 
the Vibr io-group which may explain their high numbers within 
the heterotrophic community - particularly since many of the 
substrates utilized or degraded by these vibrios are likely 
to occur jbn v i v o . The largest grouping amongst the isolated 
vibrios, phenons 8BI/II (identified as V. splendidus biotypes 
I and II respectively) contained virtually all of the 
alginolytic (biotype I only) and chitinolytic isolates, and 
this may be of ecological significance considering the 
extensive growth of alginate producing brown algae and the 
previous surface colonization by Jassa Sp. that may have 
left chitin containing materials (See Chapter 3).
The lack of pectinolytic bacteria and the extremely low 
proportion of cellulytic bacteria may explain the subsequent 
persistence of fibrous algal cell wall materials at the base
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of the film (See Chapter 3.). However the absence of a 
particular degradative ability amongst isolated bacteria does 
not necessarily suggest that the bacterial community as a 
whole is incapable of the degradation. Many natural polymers 
require a number of different enzymic activities for their 
breakdown, and whilst an isolated single species of bacteria 
may not be able to effect breakdown, a combination of 
different bacteria might have the necessary activity. 
Bacterial polysaccharases tend to be small single unit 
proteins (Gooday, 1979), and diffusion through the matrix of 
fouling mucilages probably occurs to some extent resulting in 
the intermingling of enzymes from spatially separated 
bacteria. In time this process may enable hydrolysis of 
complex, interlinked heterogeneous polysaccharides such as 
occur naturally in algal cell walls.
It is also likely that the process of algal decay is not 
entirely as a result of bacterial activities - a significant 
contribution may come from the action of polysaccharide 
lyases that may be found within algal fronds. Nisizawa et_ a l .
(1981) found alginate lyases in extracts from several brown 
algae - the .activity of which was subject to species and 
season and was higher in older parts of fronds.
Although the degradation of only a small number of 
polysaccharides was examined in this study, the apparent lack 
of polysaccharase production by virtually all non-Vibrio 
strains may have been of significance in fouling film 
development and stability. For instance, Pseudomonads are
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commonly the dominant bacterial group within primary films - 
if they remain at the base of the fouling layer inactive 
against extracellular polysaccharide materials from other 
organisms, they may allow the accumulation and development of 
upper fouling "layers" as well as contributing their own 
adhesive extracellular materials.
In contrast, the elevation in numbers of active
polysaccharide degrading bacteria coupled with the ageing of 
algal populations may eve ntually lead to disruption of what 
would be an increasingly less stable algal-bacterial 
community. Instabilities of this nature may allow for the 
occurrence of secondary algal succession and subsequently 
create an environment suitable for the attachment of
invertebrate fouling animals and their larvae. The presence 
of large numbers of Vibrios on the surface of marine immersed 
A.I.S.I 316 stainless steel may also be of interest from the 
microbiological corrosion aspect since marine vibrios have 
been implicated in assisting corrosion processes on other 
steels. Nivens et _al. ( 1986 ) have noted a reversible 
facilitation of the corrosion of A.I.S.I 304 stainless steel 
in seawater by Vibrio natriegens (and to a lesser extent by 
V. a n g u i l l a r u m ), whilst Gaylarde and Videla (1987) have 
provided evidence that Vibr io alginolyticus is capable of 
breaking down the passive film on mild steel causing
localised corrosion. A non-marine strain of Vibr io
anguillarum although incapable of promoting corrosion itself, 
has been found to promote the corrosion of mild steel by 
Desulfovibrio vulgaris (Gaylarde and Johnson, 1982).
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Associations between active polysaccharide degrading bacteria 
and sulphate reducing bacteria have been noted in natural 
environments. Billy (1965) isolated from black mud an 
alginolytic Clostridium Sp. where it was in association with 
Desulfovibrio d e s u l f u r i c a n s ; Bryder (1983) has noted 
increases in cellulose degradation by Clostridium 
papyrosolvens when associated with Desulfovibrio salexigens 
or Desulfotomaculurn acetoxidans which were isolated from the 
same marine sediment, and Tezuka (1966) has noted a 
commensalism between Des ulfovibrio desulfuricans and various 
members of t'he Ent erobacteriaceae (that are all facultative 
anaerobes). Using the methods of Bryder (1983), sulphate 
reducing bacteria were isolated (but not enumerated or 
characterised) from the same environment as the heterotrophs 
studied here, so there is a possibility that similar 
associations occur within the fouling films upon stainless 
steel in seawater. The Shewanella p u t r efasc ie ns-like Spp. 
(phenon 6A and strain 74) may also be involved in 
the creation of an "aggressive" environment at the metal 
surface if they can use their ability to generate hydrogen 
sulphide under jLn vivo conditions.
In this study a number of previously unencountered 
bacterial types were isolated. Whilst this may be suggestive 
that these organisms are peculiar to the environment from 
which they were isolated, it does indicate a requirement for 
further refinements to the current classifications of certain 
bacterial groups, including the V i b r i o n a c e a e , the
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Futher study of the new taxa is recommended in order to
confirm the individual status of each taxon, and
chemotaxonomic methods , such as determination of the
percentage guanine-cytosine content of DNA extracted from 
taxon representatives (ie:- the centrotype strains given in 
table 4.13) , could be used to give further confirmation of 
their identity at genus level. DNA homology studies should 
then, ideally, be employed to compare taxon centrotype 
strains wi'th well established species of similar and related 
genera . However due to the present "fluid state" of marine 
bacterial taxonomy, it may be sometime before their precise
taxonomic position can be established.
Pseudomonadaceae, and the Cytophaga-Flexibacter group.
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CHAPTER 5 
EXTRACTION AND CHARACTERISATION 
OF MACROMOLECULAR ORGANIC MATERIALS 
FROM SEAWATER.
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The study of the nature and properties of seawater humic 
materials has floundered in the past, mainly because these 
substances had not been properly defined and occur in very 
low concentrations (see chapter 7) in seawater (Harvey et_ a l . 
,1983; Harvey and Boran, 1985) Confusion between marine and 
terrestial humic materials has also hindered the 
investigation of the former ever since Kalle (1966) 
first described "Gelbstoff"-the y e l l o w , a c i d i c ,organic (humic) 
matter of seawater.
More recently, improved extraction procedures including 
ultrafiltration (Ogura, 1974; 1977; Wheeler, 1976; Baturina
et. aj^., 1977; Edwards, 1982), solvent extraction (Khailov,
1968; Edwards, 1982) and sorption from seawater onto a solid 
phase such as Amberlite XAD resins (Stuermer and Harvey, 
1974; Mantoura and R i l e y , 1975; Edwards, 1982; Harvey and 
Boran, 1985), have provided the necessary quantities 
required for structural and chemical analyses and 
investigations into the properties of these materials.
However, the polyelectrolyte nature of seawater humic 
materials still confounds attempts to ascertain detailed 
knowledge of their structure since fractionation of these 
materials into their pure components has yet to be achieved, 
and may prove impossible. Consequently techniques such as X- 
ray or neutron diffraction analysis and chemical sequencing 
that have been applied successfully to proteins, 
polysaccharides and nucleic acids (a number of these having 
had their primary, secondary and tertiary structures
5.1 INTRODUCTION
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determined) have not been applied to humic molecules, the 
primary structures of which remain unknown (MacCarthy and 
Rice, 1985). As for all current techniques, spectroscopic 
methods are limited in their use when applied to elucidate 
the structures of humic materials because the spectra 
produced may result from the structural components of many 
different molecular species which may or may not represent a 
major proportion of those present. However the most useful 
techniques for determining the structure and functionality of 
marine humic substances are infrared spectroscopy (I R ) and 
nuclear magnetic resonance spectroscopy (NMR). Like those
from terrestrial sources seawater humic substances consist of 
humic acids that are insoluble at very low pH (pH=2) but 
alkali soluble, and fulvic acids that are soluble both in 
acid and at high pH (pH=12) (Stevenson and Butler, 1969; 
Edwards, 1982). Harvey and Boran (1985) suggested a further 
requirement that both humic and fulvic acids are insoluble in 
organic solvents such as ether and acetone, this would
exclude fatty acids as part of humic substances.
Insights into structure of seawater fulvic acid as 
revealed by NMR, have shown that these materials contain 
ester, carboxyl and amide groups and differ from
terrestrial fulvic acids in having greater aliphatic content 
and a lower aromatic content (Stuermer and Payne, 1976). The 
aliphatic nature of seawater fulvic acids is considered to be 
due to the incorporation of marine lipids, and the fatty acid 
moieties present are quite different from those found in soil
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fulvic acid, suggesting that terrestrial input is minor, even 
in coastal areas (Stuermer and Harvey, 1978). Further NMR 
studies by Harvey and Boran ' (1985) have shown that
humic and fulvic acids extracted from surface waters in the 
Gulf of Mexico using XAD-2 resins, are highly aliphatic
structures with the humic acids having a greater aromatic
content than fulvic acids.
It is possible that the aromatic content of marine humic 
substances is derived from phenolic compounds that are 
produced by brown algae (Sieburth and Jensen, 1968; 1969).
Gadel and Bruchet (1987) have used IR spectroscopy and 
pyrolysis-gas chromatography-mass spectroscopy, to examine 
humic substances resulting from the in_ situ decay of marine 
algae and phanerogams. Their findings suggest that aromatic 
constituents are more prevalent in humic than fulvic acids, 
and that algal-derived humic acid has intense I.R. absorption 
bands at 1660 cm-1 and 1540 cm-1 indicating a greater amide 
content compared to the fulvic material. Infra red absorption 
at 1050 cm-1 due to carbohydrate materials was found to be
more pronounced in fulvic acid compared to humic acid, whilst 
proteinaceous derivatives were more developed in the latter.
The saturated aliphatic nature of these humic materials was
. —1 —1evident from I.R absorption peaks at 2850 cm and 2920 cm .
Stuermer and Harvey (1978) have also applied I.R 
spectroscopy to the characterisation of surface seawater
fulvic acid, obtaining absorption bands at 1730 cifT1 
(carbonyl groups), 2840-2970 cm-1 (alkyl C-H stretching) and 
1300-1500 cm-1 (C-H bending characteristic of alkyl groups).
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Slight variations in I.R absorption band frequencies with 
humic substances from different marine and terrestrial 
environments is normal and bands at 3400 criT1, 2920 cm-1,
2860 cm-1, 1720 cm-1, 1600-1650 cm-1, 1510 cm-1, 1380-1440 cm-1
1400 cm-1 and 1220 ciiT1are commonly observed (MacCarthy and 
Rice, 1985). Similar bands have been observed for seawater 
humic materials isolated by Edwards (1982) and a bond at 1050 
cm was also noted. This latter bond has also been observed 
for marine sedimentary fulvic acid and was attributed to
carbohydrate materials including uronic acids (Hatcher et
a l . , 1980).
Although certain functional groups are regularly found in 
marine humic materials, relatively little is known of their 
positioning within these molecules, although it appears that 
the main structure is aliphatic, probably of lipid origin 
(Harvey and Boran, 1983). The latter authors have found 
fulvic acids to be present at consistently greater 
concentrations in seawater than humic acids and have 
proposed a mechan ism for the formation of the latter from the 
former (Harvey and Boran, 1983; 1985).
Edwards (1982) considers marine humic acids to be 
generally of greater molecular weight (as determined by
ultrafiltration) than'fulvic acids. More recently, however, 
Harvey and Boran (1985) have cited gel retention time studies 
suggesting that the difference between these substances is 
due to internal chemical structure rather than molecular 
size. Gjessing (1971) produced evidence that freshwater humic
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materials act as an acid-base indicator producing a
reversible deepening yellow colour with increasing pH. Gel 
filtration studies by the same author has revealed that this 
colour change is associated with an alteration in molecular 
size. Similar studies have found this to occur in marine
humic substances in which electrostatic repulsion between 
carboxylate groups at alkaline pH is believed to impart
increased molecular size resulting in higher apparent 
molecular weights being observed in filtration studies 
(Harvey and Boran, 1985). It would appear also that the 
relative solubilities of fulvic and humic acids at alkaline 
pH may have confused the issue of molecular size.
Another important property of marine humic substances is 
their surface activity as has been reported by Edwards
(1982), Hayano e_t a l . ( 1982) and Hayase and Tsubota ( 1983).
Attenuated internal reflectance I.R spectroscopy of materials 
adsorbed from seawater onto the surfaces of germanium 
prisms has yielded absorption bands that are consistent with 
those of humic material (Loeb and Neih'of, 1975; Baier, 1984) 
and studies of humic materials isolated from seawater have 
shown that both fulvic and humic acids are surface active, 
with the humic acids displaying the greater surface activity 
(Edwards, 1982).
Fractionation by molecular size using ultrafiltration has 
enabled examination of the surface activity of the different 
components of seawater and marine sedimentary humic acids and 
the highest surface activity has been found in materials 
above 100, 000 molecular weight (Edwards, 1983; Hayano et; a l . ,
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1982) Data from ultrafiltration studies suggest that the 
concentration of very high ( >100,000 molecular weight) 
molecular weight dissolved organic materials in seawater is 
variable with location (O g u r a , 1974; 1977; Ma ur er,1976;
Wheeler , 197 6 ; Baturina e_t a l ., 1977; Edwards, 1982; Carlson
et a l ., 1985), although Carlson et_ al_. ( 1985) suggest that
ultrafilter and procedural artifacts may have resulted in 
exagerated concentrations of these materials being reported.
In view of the problems previously encountered in studies 
of seawater-dissolved organic matter, assessment of the 
concentration and character of extracted material is highly 
important especially if these materials are to be used in 
further experimental work. The present chapter therefore 
attempts to provide this necessary information.
312
5.2.1 Procedures employed for the extraction of dissolved 
(and colloidal) organic matter from s e a w a t e r .
Seawater contains only milligrams per litre quantities of 
dissolved/colloidal organic matter. Thus in order to obtain 
sufficient amounts for analyses and use in nutritional and 
adhesion studies, it was necessary to concentrate organic 
material from several hundred litres of seawater.
The studies of Edwards (1982) had already revealed the 
most suitable extraction techniques for the concentration of 
high molecular weight and surface active, dissolved/colloidal 
organic matter. Thus for the purposes of the present study 
ultrafiltration was employed for the concentration of high 
molecular weight materials (>1,000 mol. w t .), and a 
chloroform emulsion extraction technique based on that of 
Khailov (1968) was used to concentrate surface active 
materials which were of both high and low molecular weight.
5.2.1.1 Seawater c o l l e c t i o n .
All seawater used in this study came from either Langstone 
or Chichester Harbours (See General materials and methods, 
section 2.1). Seawater was collected in food grade plastic 
containers (previously cleaned by rinsing with 5% w/v aqueous 
sodium hypochlorite) either by immersion of the container (at 
least 16 cm below surface) or by pipe from a running seawater 
system. Details of all seawater collections are given in 
Table 5.1. All collected seawater was promptly transported to 
the laboratory and was retained at 4°C until processed.
5.2 MATERIALS AND METHODS
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TABLE 5 . 1 : Details of seawater collection and processing 
9/11/83 to 6/12/85.
SEAWATER
COLLECTION
DATE
COLLECTION*
SITE
MINIMUM
VOLUME
COLLECTED
(LITRES)
PROCESSING §
9th NOV 83 IJ 40 UF
25 CH
25th Jan 84 LH 100 UF
LE 70 CH
22nd Feb 84 LH 110 UF
40 CH
30th Mar 84 LH 85 UF
40 CH
9th May 84 LH 110 UF
70 CH
28th Sep 84 IJ 75 UF
24th Jan 85 LH 400 UF
26th Feb 85 IJ 300 UF
16th Apr 85 IJ 360 UF
14th May 85 IJ 375 UF
15th Jun 85 IJ 230 UF
14th Jul 85 IJ 350 UF
16th Sep 85 IJ 300 UF
6th Dec 85 IJ 250 UF
* IJ= Itchenor jetty, Chichester Harbour.
LH= Langstone Harbour, via Portsmouth Polytechnic, Marine 
Biology Laboratory running seawater system on Hayling 
I s l a n d .
LE= Direct from Langstone Harbour.
§ UF= ultrafiltration concentration.
CH= Chl oroform-emulsion extraction.
5.2.1.2 Prefiltration
All natural unpolluted seawater contains particulate 
material which consists of both non-living organic and 
mineral particulates and living entities such as bacteria and 
phytoplankton. In order to extract only dissolved/colloidal 
materials it is first neccessary to remove all particulate
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matter by a process of prefiltration. For this purpose ten 
litre volumes were successively transferred into a 
(Sartorius) stainless steel pressure cylinder that was 
subjected to an internal top pressure of 14 k g / c m 2 via a high 
pressure hose from a cylinder of oxygen free nitrogen (OFN) 
(see fig 5.1). Due to design the exerted pressure was
Figure 5.1: Prefiltration apparatus.
HIGH PRESSURE
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applied in such a way as to force the seawater out through
another high-pressure hose to a stacked filter system. The
latter consisted of a coarse screen and a glass fibre
prefilter that removed larger particulates and protected a 
fine (0.22^um pore size) Sartorius membrane filter which 
retained much smaller particulates including bacteria and 
microscopic algae. After passing through the filter system 
the prefiltered seawater was collected in 20 litre containers 
and retained at 4°C in darkness until required for further 
p r o c e s s i n g .
Before and after use, all prefiltration equipment 
(including storage containers) coming in contact with 
seawater was cleaned using 5% solution of sodium
hypochlorite . It should be noted that as well as retaining 
bacteria some "dissolved" materials will be retained by the 
0.22 ^ m  pore size filter since dissolved organic matter is 
classically defined as that passing through a 0.45 ^ m  filter 
(Goldberg e_t a l . , 1952). A 0.45 ^ m  filter could not be 
employed because this would only have resulted in partial 
removal of marine bacteria (Anderson and Heffernan, 1965).
5.2.1.3 Chloroform-emulsion e x t r a c t i o n .
The chloroform-emulsion extraction procedure was 
essentially that of Edwards (1982) which was a slightly 
modified version of the method of Khailov (1968). The 
complete procedure is detailed in figure 5.2.
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Figure 5.2; Flow diagram for the 
extraction procedure.
chloroform-emulsion
Stages 1-5 concentrates the surface active materials from 
s e a w a t e r .
Stages 6-9 desalting of isolated materials.
Stages 11-15 separates and concentrates the humic fraction.
(1.) Place 200ml chloroform in an acid cleaned ("milli-Q" 
rinsed) glass separating funnel.
\ (2.) Add 1.5 1 prefiltered 
seawater
-(3.) Shake for 5 minutes 
release pressure in 
the vessel and allow 
to stand for 2 mins
(4.) Run-off chloroform and interfacial' (organic)
material, and place back in separating funnel 
after discarding aqueous phase.
(5. )
(7. )'
I(8 . )
I
(9. )
1(10.
I
(i1 -
▼(1,2.
t(13.
Has 201 seawater- 
been processed 2_
‘Centrifuge (15 mins, 
7 , O O O x g )
) Add 1.51 "milli-Q" water, 
shake for 5mins, run off 
chloroform and interfacial 
material in to centrifuge 
tubes. Discarding aqueous 
p h a s e .
Remove chloroform supernatant. ►Evaporate chloroform 
to collect lipid.
\
T(15.
Resuspend pellet in "milli-Q" water and recentrifuge. 
Repeat twice, replacing supernatant with "milli-Q" 
water to desalt extracted organic matter.
Dry final pellet over phosphorous pentoxide in a vacuum 
d e s i c a t o r .
Redissolve pellet in ammonium hydroxide (pH 12.6). 
Centrifuge (7,0Q0g, 20 mins).
Remove supernatant containing alkali soluble humic 
f r a c t i o n .
Concentrate supernatant by rotary evaporation under 
slight vacuum at 30-35°C.
Freeze dry concentrate to obtain light yellowish-brown 
surface active humic materials.
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A schematic diagram of the ultrafiltration process is 
given in Figure 5.3.
Figure 5 . 3 : Diagram showing the ultrafiltration process.
5.2.1.4 Ultrafiltration.
e f f l u e n t .
( D O M <  lOOOmol.wt)
r ~
PCAC FILTER
PUMP
R E TE N TA TE  
(D O M  >1000 mol.wt.)
Ultrafiltration was performed by running a Millipore 
"Pellicon" cassette system in recirculation mode. The system 
consisted of a frame clamping two transparent ducting blocks 
either side of a multilayered ultrafilter membrane 
(code:PCAC, 1,000 mol.wt. cut off, 0.5 sq. feet filter area). 
Seawater was pumped into the lower ducting block which 
separated the flow into paths through parallel layers of 
cellulose ultrafilter m e m b r a n e s .Seawater effluent containing 
low molecular weight (<1,O O O m o l .w t .) materials was removed by
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(cross flow) passage through the filter and channelled out 
through diagonally opposed exits in each ducting block. High 
molecular weight materials (>1,000 mol.wt.) that could not 
pass through the membrane were pumped through the filter 
cassette repeatedly, and were gradually concentrated in the 
retentate reservoir as the seawater volume was reduced.
Initially a peristaltic pump was used but this was found 
not to be suitable for continuous use as it required frequent 
maintenance and was expensive to operate because of tube 
wear. A dual-diaphragm pump (Cole-Palmer Instruments, Hants)
was found to be more suitable. Operating parameters were:
inlet pressure <50 PSI; recirculation rate 2 0 0 - 300 ml /min; 
outlet pressure 10 PSI; filtration rate 10-20ml/min (this was 
reduced as material became more concentrated). Lengths of 
"Tygon" tubing (Colepalmer Instruments) were kept to a
minimum to enable greatest possible concentration to a final 
volume of about 1 litre. Concentrated material was then 
desalted and frozen at -25°C until required.
Use of the "Pellicon" system enabled the rapid processing 
of very large volumes of seawater, and membrane polarization 
and fouling that are known to occur with the use of 
conventional ultrafiltration equipment were reduced to a
minimum by its cross flow separation mechanism.
Before and after normal operation the system was flushed 
with at least 5 litres of buffered saline. The membrane was 
stored fully wetted with a 1% solution of formaldehyde.
After continuous processing of several hundred litres of
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each batch of seawater it was found neccessary to clean the 
ultrafilter membrane to maintain maximum efficiency. This was 
achieved by the recommended 12 hour enzyme treatment of
recirculating a solution of 0.1% w/v "Tergazyme" (supplied by 
PCI Ltd., Cambridgeshire) from a retenate reservoir kept at 
50°C in a water bath, or by backwashing. Before each use the 
filter was integrity tested as described by the manufacturer.
Extract sterility checks were performed periodically 
during the prefiltration and concentration processes by 
plating 0.1ml aliquots of concentrate on to marine agar 2216 
(Difco). Final concentrates were always found to be sterile, 
although partial concentrates (up to about three to five
times seawater concentration) of the January 1984 extraction 
contained low numbers of viable salmon pink coloured 
bacteria. These appeared to be of one species and were all 
strongly agarolytic on marine agar 2216, suggesting they may 
have been a species of C y t o p h a g a , probably C.s a l m o n i c o l o u r .
5.2.1.5 Desalting of ultrafiltration concentrated material.
Removal of inorganic salts and residual low molecular 
weight material ( <1,000 molecular weight) was achieved by 
dialysis against a large volume of 'milli-Q' water. For this 
purpose Spectra por 6 dialysis tubing (Cole-Palmer
Instruments Ltd., Hants, U.K.) was used. This tubing is made
of natural regenerated cellulose membrane and is suitable for 
both dialysis and ultrafiltration, having a nominal 
molecular weight cut-off of 1,000. Organic extracts were 
enclosed in short lengths (20-30 cm) of "Milli-Q" water
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rinsed tubing which was sealed at both ends using the 
appropriate snap closures. The sealed tube was then suspended 
using nylon monofilament line in a vessel containing 
stirred "Milli-Q" water. In order to gently flush away low 
molecular weight materials passing through the membrane, flow 
through the vessel was achieved by a controlled gravity feed 
from a 201 aspirator of "Milli-Q" water above.
Approximately 20 litres of "Milli-Q" water was required to 
flow through the system in order to desalt 0.51 of 
concentrate in 24 hours. Silver nitrate solution was added to 
small aliquots of dialysed concentrate in order to check that
salt removal was complete. Throughout the desalting process
/concentrated organic solutions were protected from sunlight 
to avoid photooxidation effects.
5.2.1.6 Subfractionation using stirred cell u l t r a f i l t r a t i o n .
In order to separate the desalted Organic Concentrate I 
(May 1985) in to further subfractions for use in adhesion 
(chapter 6) and nutritional (chapter 7) studies, further 
ultrafiltration was neccessary. For this purpose an Amicon 
402 stirred ultrafiltration cell was connected to a cylinder 
of oxygen-free nitrogen to provide the pressure required 
within the cell to effect ultrafiltration through the desired 
Amicon "Diaflo" ultrafilter (see Figure 5.4). "Diaflo" 
membranes and ultrafiltration conditions are detailed in 
Table 5.2.
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Figure 5 . 4 : Ultrafiltration set-up using the Amicon 402
stirred cell.
M ETAL
PRESSURE
CY LIN D ER
TABLE 5 . 2 : "Diaflo" ultrafiltration membranes used for the 
subfractionation of Organic Concentrate I at 4°C 
in darkness.
MEMBRANE MOLECULAR OPERATING OPERATIONAL
CODE WEIGHT CUT-OFF PRESSURE FLOW RATE
k g / c m2 ml/min
XM300 300,000 1 6.0
XM100 100,000 1 5 . 0
XM50 50,000 1 4.5
YMlO 10,000 5 4 . 0
UM2 1,000 5 0.5
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Before use the cell was thoroughly rinsed with "Milli-Q" 
water and the membrane to be used was placed in the Amicon 
cell and flushed with 400ml of "Milli-Q" water. Following 
this the cell was depressurised and the organic concentrate 
to be fractionated placed in the cell over the membrane. The 
system was then repressurised as required for each membrane 
(see Table 5.2). For each step of the fractionation process 
the sample volume in the cell was reduced to 50 ml by
ultrafiltration, then the cell was depressurised slowly (to 
prevent foaming due to bubble formation within the sample by 
out gassing nitrogen) and 150 ml of "Milli-Q" water was
added. The sample volume was then further reduced by
ultrafiltration to 40 ml. The cell was then slowly 
depressurised and the stirrer was left runing for a further 
30 minutes to redisperse materials concentrated at the
membrane surface. Concentrated material was then removed from 
the cell using a soft-tipped syringe and the cell was rinsed 
twice (with stirring) each time using 30 ml of "Milli-Q" 
water, which was added to the concentrate volume of 100 ml.
Starting from 300 ml of neat, desalted, Organic
concentrate I firstly materials >300,000 molecular weight 
were removed into a separate 100ml volume (XM 300 filter) 
then materials of 100,000-300,000 mol. wt were removed 
(XM100 filter), followed by 50,000-100,000 mol.wt (XM50) and 
10,000-50,000 mol.wt (YM10) materials, and then the final 
volume of 740ml was reduced (UM2 filter) to 100ml in the 
Amicon cell to make up the 1,000-10,000 mol. wt fraction. The 
whole process is outlined in Figure 5.5.
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Figure 5 . 5 : Fractionation of Organic Concentrate I.
(* = "Milli-Q" water; § = Filter washings)
START: 300ml concentrate I
(XM300)
50ml
- ► r e t a i n  filtrate =250ml
+
(XM300)P50ml water*
40ml
+ =100ml Frac(5!
60ml
washingsS
- ► r e t a i n  filtrate =160ml
410ml
retain filtrate = 3 6 0 m l ^ -
+
retain filtrate =160ml-^-
520ml
(X M50 )
(XM100)
+150ml water 
(XM100)
50ml
40ml ■
+ = 1 0 0ml
60ml Frac(4) 
washings
■ ► r e t a i n  filtrate =470ml
+
| +150ml water
washings
ard 700ml 
filt rate
60ml
washings
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5.2.2 Determination of total dissolved organic carbon.
In order to determine the levels of organic carbon in the 
organic concentrates, 10ml volumes containing 0.025ml of 1.6% 
w/v mercuric chloride were transported to the Department of 
Oceanography, University of Southampton for total dissolved 
organic carbon analysis. The method used was a semiautomated 
analysis similar to that of Statham and Williams (1983).
5.2.3 Determination of total dissolved carbohydrate.
The phenol-sulphuric acid method of Handa (1966) was used 
to determine the total carbohydrate content of each of the 
organic concentrates. For the assay, 1ml volumes of the 
organic extract under test were dispensed into acid washed 
glass test-tubes followed immediately by the addition of 1ml 
of a 5% (w/v) aqueous phenol solution and within 5 seconds of 
the phenol, 5ml of concentrated sulphuric acid (specific 
gravity 1.84) containing 2.5% (w/v) stannous chloride. After 
thorough mixing the resultant yellow brown solutions were 
poured into quartz cuvettes and their absorbances measured at 
480nm using a Perkin Elmer Lambda 5 UV/VIS spectrophotometer.
Carbohydrate contents were determined as milligrams 
glucose equivalents per litre, using the test solution 
absorbance values and a standard curve .produced from a series 
of known glucose concentrations and their absorbances at 
480nm.
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5.2.4 Determination of the protein content of extracted
m a t e r i a l s .
In order to detect low concentrations of protein in the 
organic extract with minimal distortion due to the presence 
of interferring carbohydrate materials a number of protein 
assays were examined by Garner (1987). A modification of the 
method of Peters et_ al_. ( 1976 ) was selected as most suitable 
for the analysis of protein within the organic extracts.
For this assay 0.25ml quantities of the organic 
concentrates were placed in acid-cleaned test-tubes to which 
2ml of ImM eosin (Cl 45386, BDH Chemicals) in 50% 
ethanol/water diluted 1:50 with 0 . 1M sodium citrate - citrate 
acid buffer (pH 3.1) was added. After complete mixing, the 
resultant solution was added to quartz cuvettes and sample 
fluorescence emission at 540nm was measured using a Perkin 
Elmer LS5 fluorimeter set at an excitation wavelength of 
519nm. Three fold dilution of the eosin enabled protein 
content to be assayed in the region 1-80 ug/1. A standard
curve produced from a series of bovine serum albumin 
solutions was used to read off protein concentrations of the 
organic extracts.
5.2.5 Infrared Spectroscopy.
Infrared spctroscopy is useful for the characterisation 
and study of humic materials since it involves relatively 
simple methodology and, except for NMR spectroscopy, has 
yielded more information on these materials than any other 
spectroscopic technique (MacCarthy and Rice, 1985).
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A Perkin Elmer 1750 infrared Fourier transform 
spectrometer under software control from a Perkin Elmer 7300 
computer was used to record infrared spectra of surface 
active components of ult raf iltration-concentrated materials. 
Each sample for FT-IR spectroscopy was prepared by placing an 
acid cleaned silver chloride plate (30 X 10 mm) in a 20ml 
volume of the marine organic concentrate. Acid cleaned 
vessels containing concentrates were then shaken for 90 hours 
at 4°C to allow for the adsorption of surface active species 
to the silver chloride plates.
Investigations of lyophilised concentrates and chloroform- 
emulsion extracted materials were performed using a Perkin 
Elmer 577 grating infrared spectrometer. Samples were 
prepared by thoroughly mixing lmg of dried sample with lOOmg 
potassium bromide (I.R grade) and then compressing the 
resultant powder for 5 minutes at 10 tonnes to form a disc.
In vivo adsorption of organic material from seawater was 
also examined by FT-IR spctroscopy of silver chloride plates 
that had been immersed (avoiding surface contamination) at a 
depth of 0.5m from Itchenor Jetty, Itchenor Reach, Chichester 
Harbour. FT-IR spectroscopic examination of ultrafiltrate 
"effluent" (dried on to silver chloide plate) also performed.
An advantage of FT-IR is that weak signals could be 
accumulated from a number of scans. For the purposes of 
analysis of extracts cumulative spectra of no more than 5 
scans were obtained. Although FT-IR spectrometry has enhanced 
resolution over the conventional technique, this appears to 
be of no greater value for examining humic materials because
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of the broadness of its absorption peaks. Its ability to 
amplify weak signals may be of use in the characterisation of 
very small amounts of material obtained through further 
subfractionation of extracts. The following .texts were 
referred to for assignment of absorption bands : Bellamy
(1975a,b), Stuermer and Harvey (1978), Edwards (1982), 
MacCarthy and Rice (1985), Gadel and Bruchet (1987).
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5.3 R E S U L T S .
5.3.1 Extractions performed and estimated y i e l d s .
Details of all seawater processed by ultrafiltration and 
chloroform-emulsion extraction are given in Tables 5.3 and
5.4 respectively. Estimated levels of dissolved organic
TABLE 5 . 3 : Seawater processed by ultrafiltration:
Macromolecular dissolved organic carbon (DOC) 
content and concentration factors for 
ultrafiltration concentrates A - N.
CODE
SEAWATER
COLLECTION
DATE
INITIAL
VOLUME
(1)
FINAL
VOLUME
(1)
CONCn
FACTOR
DOC
mg/1
Est.DOC 
O R I G . SW 
mg/1 *
N 9th Nov 83 400 1.00 40 14 0.350
A 25th Jan 84 100 0.50 200 55 0.275 ■
B 22nd Feb 84 110 0.28 400 70 0.175
C 30th Mar 84 85 0.55 155 89 0. 574
D 9th May 84 110 0. 60 183 69 0.377
E 28th Sep 84 75 1.00 75 nd -
F 24th Jan 85 400 1.00 400 257 0. 643
G 26th Feb 85 300 2.00 150 180 1.200
H 16th Apr 85 360 2.00 180 29 0.161
I 14th May 85 375 2.00 188 99 0.527
J 15th Jun 85 230 1.00 230 77 0.335
K 14th Jul 85 350 • 1.00 350 349 0. 971
L 16th Sep 85 300 1.00 300 300 0. 390
M 6th Dec 85 250 2.00 125 nd -
* = Value given refers to materials >1,000 mol.wt.
n.d = Not determined.
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carbon (in materials greater than 1,000 mol w t ) in the 
original seawater were variable both during a particular year 
and for corresponding months from year to year, although no 
strong seasonal trends were evident from the data. 
Preconcentration levels of the high molecular weight (>1,000 
mol.wt) DOC in seawater was in the range 0 . 1 6 1 - 1 . 200mg carbon 
per litre and the different concentrations obtained did not 
appear to be site specific. The yields of dissolved organic 
materials from chl oro form-emulsion extracted seawater varied 
in the range 0.72-1.05 mg organics per litre.
5.3.2 Quantitative analyses of protein and carbohydrate 
c o n t e n t . •
Carbohydrate and protein assays were performed for each of 
the ultrafiltration concentrates detailed in Table 5.3. The 
methods used were those outlined in sections 5.2.3 and 5.2.4. 
Standard curves for the phenol sulphuric (carbohydrate) assay 
and the protein assay are given in Figures 5.6 and 5.7 
respectively. Carbohydrate concentrations in each of the 
ultrafiltration concentrates and respective normalised 
values ( estimates of macromolecule -associ ated carbohydrate 
in original seawater) are given in Table 5.5.
From the normalised values, it appears that the highest 
average seawater concentrations of macromolecule-associated 
carbohydrate occurred during the spring (0.38 mg glucose/1) 
and summer (0.55 mg glucose/1) when individual estimates were 
consistently above 0.30 mg glucose/1. Lower average values
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Figure 5 . 6 : Standard curve for the phenol-sulphuric acid
 carbohydrate assay.
Figure 5 . 7 : Standard curve for the protein assay.
X 101
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TABLE 5.4 : Seawater subjected to chloroform-emulsion 
extraction - volumes processed and yields.
EXTRACT
CODE
SEAWATER
COLLECTION
DATE
VOLUME 
EXTRACTED 
(lit r e s )
QUANTITY 
OF EXTRACTED 
MATERIAL (mg)
YIELD 
( m g / 1 )
0 9th Nov 83 25 18 0.72
P 25th Jan 84 70 6 5 0.93
Q 22nd Feb 84 40 38 0.95
R 30th Mar 84 40 42 1.05
S 9th May 84 40 40 1.00
were calculated for autumn (0.30 mg glucose/1) and winter 
(0.32 mg glucose/1) when the range in individual estimates 
were 0.19-0.4 mg glucose/1 and 0.08-0.75 mg glucose/1 
respectively. The highest individual estimate recorded 
during winter was unusually high being more than double other 
values recorded for seawater collected during winter. The 
seawater for this particular sample was obtained from 
Itchenor Reach whereas in all other winter collections 
seawater was obtained from Langstone Harbour via the 
Portsmouth Polytechnic Marine Biology Laboratory running 
seawater system. In collections taken during spring however, 
seawater from both sites was (separately) processed and 
normalised carbohydrate concentration values were remarkably 
similar. From the normalised concentrations of m a c r om olecule ­
-associated proteinaceous materials given in Table 5.6 ,
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TABLE 5.5 : Carbohydrate concentrations within ultrafiltration
~  concentrates as mg glucose equivalents/1.
Normalised values for pre-concentrated seawater 
are also'given.
CODE SEAWATER
COLLECTION
DATE
CONCn
FACTOR
CARBOHYDRATE 
CONTENT 
(mg GLUCOSE/1)
Es t . 
CONCn 
(mg
CARBOHYDRATE 
i. ORIG SW * 
G L U C O S E / 1 )
N 9th Nov 83 40 16 0.40
A 25th Jan 84 200 36 0. 18
B 22nd Feb 84 400 30 0. 08
C 30th Mar 84 155 75 0. 48
D 9th May 84 183 54 0. 30
E 28th Sep 84 75 - -
F 24th Jan 85 400 116 0. 29
G 26th Feb 85 150 112 0.75
H 16th Apr 85 180 68 0. 38
I 14th May 85 188 70 0.37
J 15th Jun 85 230 75 0. 33
K 14th Jul 85 350 259 0.74
L 16th Sep 85 300 58 0.19
M 6th Dec 85 125 - -
* Macromolecular (>1, 000 mol. w t ) associated carbohydrate 
o n l y .
average monthly concentrations were calculated and found to 
be highest for seawater collected during the months February, 
March and April. From the data presented here it appears the 
ult raf iltration-concentrated materials consist mainly of 
carbohydrate moieties with little proteinaceous content.
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TABLE 5.i6: Concentrations 
protein within
of macromolecule-associated 
ultrafiltration concentrates.
CODE SEAWATER CONCn PROTEIN* Est. PROTEIN*
COLLECTION
DATE
FACTOR CONTENT 
(_pg BSA/1)
CONCn. ORIG SW • 
(;ug BSA/1)
N 9th Nov 83 40 2.0 0. 05
A 25th Jan 84 200 17.4 0.09
B 22nd Feb 84 400 12.0 0.03
C 30th Mar 84 155 17. 8 0.11
D 9th May 84 183 11.9 0. 07
E 28th Sep 84 75 3.9 0.05
F 24th Jan 85 400 19.2 0. 05
G 26th Feb 85 150 22.1 0.15
H 16th Apr 85 180 27.0 0.15
I 14th May 85 188 12.4 0.07
J 15th Jun 85 230 6.7 0. 03
K 14th Jul 85 350 11.2 0.03
L 16th Sep 85 300 16.8 0.06
M 6th Dec 85 125 6.1 0.05
* - refers to macromolecule-as sociated protein.
5.3.3 Fractionation of ultrafiltration concentrate I by
molecular w e i g h t . ■
Details of the fractions obtained using the methods 
described in Section 5.2.1.6 are given in Table 5.7 and 
Figure 5.8 . By far the largest fraction obtained was that 
containing materials of 50,000-100,000 (nominal) molecular
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weight. The smallest fraction was that containing materials 
between 1,000-10,000 molecular weight.
Workin g from dissolved organic carbon concentrations of 
fractions 1 to 5 and the concentration of the starting 
material (Concentrate I), approximately 4.6% of the starting 
material was lost during the fractionation process. Thus the 
percentage of each fraction in the starting material given in 
Figure 5.8 assume that this loss was spread uniformly amongst 
the fractions.
Figure 5 . 8 ; Molecular weight fractions obtained from 
 ........  Ult rafiltration Concentrate I.
1 0 .
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F R A C T I O N
Mol.wt range.
1= 1 ,000-10,000 
2= 10,000-50,000 
3= 50,000-100,000 
4= 100,000-300,000 
5= >300,000.
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TABLE 5.7 : Molecular weight fractions obtained from
Ultrafiltration Concentrate I and their 
concentration factors and dissolved organic 
carbon content.
CODE RETAINED BY 
ULTRAFILTER 
(CODE)
NOMINAL mol. 
Wt.RANGE
DISSOLVED 
ORGANIC CARBON 
CONCn (m g C / 1 )
FINAL 
VOL 
( m l )
CONCn
FACTOR*
1 UM2 1000-10,000 21.5 100 3
2 YM10 10,000-50,000 40.5 100 3
3 XM50 50,000-100,000 110.0 100 3
4 XM100 100,000-300,000 52 . 0 100 3
5 XM300 >300,000 64.5 100 3
(* relative to ultrafiltration concentrate I.)
5.3.4 Infrared spectroscopic analysis of concentrated 
m a t e r i a l .
Infrared spectra produced by FT-IR of surface active 
species that absorbed to silver chloride plates from 
ultrafiltration concentrates are given in Figure 5.9. These 
spectra show carbon dioxide contamination spikes at 
approximately 800, 1450 and 2380 cm-1. The consistent major
absorption bands of these materials were at 3400 cm-1, 1640­
1650 cm-1 and 1010-1160 era"1. Minor bands were present at 
1230-1250 cm-1, 1720-1750 criT1and 2135-2820 cm-1, but these were 
variable in occurence in different extracts. Bands and 
possible assignments are given in Table 5.8. The 
characteristic absorption bands produced by these adsorbing 
species are consistent with those occurring due to jL_n vivo
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Figure 5 . 9 : FT-IR spectra of ultrafiltration concentrated 
material.
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Table 5 . 8 : Infrared (FT-IR) absorption bands with possible
assignments of surface active (ultrafiltration 
concentrated) materials* adsorbed to silver 
c h l o r i d e .
WAVENUMBER ASSIGN MENT COMMENTS
(V cm-1)
2930-2960 Stretching vibrations 
due to aliphatic C-H 
bands of -CH, C H 2 & 
CH3 of aliphatic 
nucle i .
Weak absorbtion in this 
region may contribute to 
width of the 3400 cm 
p e a k .
2135-2820 ' -NH2 , -NH3 stretching 
vibrations; aldehydic 
C-H stretching at 
2770 and 2820.
This region consists of 
minor bands at 2135-2160 
,2770-2795, 2800 and 2820 
which are not present in 
all concentrates.
1720-1750 Carbonyl C=0 stretch 
of acid, aldehyde or 
k e t o n e .
Minor band not observed 
for all concentrates.
1640-1650 Primary amide; C=0 of 
acid or unsaturated 
ketone; aromatic C=C 
conjugated with C=0 
and/or -COOH.
Major band always present
1230-1250 -OH band of carboxyl 
g r o u p s .
Minor band not always 
p r e s e n t .
1010-1160 C-0 stretching vibra- 
-tions of carbohydra- 
- t e s .
Major region always 
present consists of bands 
1010-1030, 1085-1110 and 
1130-1160. The central 
band is dominant.
* Absorbances above 3000 cm not scanned by FT-IR 
spectrometry (scan region of 700-3000 ciff1) ; Also present in 
ultrafiltration-concentrated materials was the broad 3400crfT1 
region (-OH stretch, -NH), as seen (Fig 5.11) when determined 
using a Perkin Elmer 577 grating IR spectrometer (scan region 
200-4000 cm-1 ) .
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seawater materials that adsorbed to a silver chloride plate 
(absorption bands at 3400 , 1600-1750, 1000-1350 cm-1) after 2 
hours immersion at Itchenor Reach, Chichester Harbour, (see 
Figure 5.10). The additional absorption band at 600 cm-1 seen 
for _in situ material may be due to sulphate.
Figure 5 . 1 0 : FT-IR spectra of materials adsorbed to silver
chloride plates. A = Control.
B = 2 hour immersion in 
seawater at Itchenor.
WAVENUMBER CM "1
Infrared spectra produced by conventional IR spectroscopy 
of lyophilised Ultrafiltr ation Concentrate N (including all 
molecular components) and of chloroform-emulsion extracted 
materials (extracts N, 0, Q and S) are given in Figure 5.11. 
More absorption bands were observed in the spectra of
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TABLE 5 . 9 : Infrared absorption bands* of lyophilised
chloroform-emulsion extracted organic
material and possible structural components 
to which those absorbance bands may be 
attributed.
WAV ENUMBER ASSIGNMENT COMMENTS
(V cm-1)
3400 -NH; stretching vibra­
tions of -OH.
Major band found in all 
extracts, broadness due 
to hydrogen bonding.
2840/2860 
& 2920/ 
2960
Stretching vibrations 
of aliphatic C-H bonds 
in -CH, -CH2 and CH3 
of aliphatic nuclei.
Variable bands, not 
observed on shoulder of 
34 00 cm"1 band.
1720-1740 Carbonyl C=0 stretch 
of acid, aldehyde or 
k e t o n e .
Relatively small band, 
generally present for all 
extracts, but variable in 
size (may be lost in 
shoulder of strong 1600- • 
1650 b a n d ).
1600-1650 Primary amide; C=0 
of acid or unsaturated 
ketones; aromatic C=C 
conjugated with C=0 
and/or C O O H .
Major band always present
1530-1550 Secondary Amide Relatively small band , 
usually present.
1380-1460 Bending of aliphatic 
-CH groups.
Variable sized band seen 
in all extracts. Not 
obvious in ultrafiltra- 
-tion concentrates.
1200-1300 C-0 stretching v ibra­
tions and -OH band of 
carboxyl groups; 
phenolic esters..
Variable sized band 
present for all extracts.
1000-1159 C-0 stretch of 
c a r b o h y d r a t e s .
Major band always present 
Occasionally has observ- 
-able shoulder at 1180­
1210.
* Perkin Elmer 577 grating IR spectrometer used.
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chloroform-emulsion-extracted materials (see Table 5.9 for 
absorption bands and possible assignments) than in the 
spectra of ultrafiltration concentrate N and FT-IR spectra of 
surface active components of each ultrafiltration 
concentrate, although the major absorption bands were similar 
for all materials examined. Absorption bands seen in 
chloroform-emulsion extracts included those at 2840-2960, 
1530-1550 and 1380-1460 cm-1 that were not seen in 
ultrafiltration-concentrated materials. These may have been 
due to low molecular weight species (<1,000). The broadness 
of IR absorption bands observed in all analysed materials is 
indicative of polyfunctional macromolecular components. This 
is in contrast to the strong but generally narrower 
absorption peaks observed for the ultrafiltration effluent 
materials that were of low molecular weight (up to 1,000 
molecular weight).
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Variations in original seawater concentrations of 
macromolecular dissolved organic carbon (normalised data for 
DOC levels in ultrafiltration concentrates) could not be 
correlated with differences in seawater collection site or 
season of collection. It might be expected that no major 
difference should be apparent between seawaters from 
Langstone and Chichester Harbours because they are joined 
and are in close proximity to each other, but seasonal 
variations such as sharp increases in dissolved organic 
carbon in spring followed by summer and winter decline (Hair 
and Bassett, 1973), could be expected due to changes in 
biological productivity. The carbohydrate levels detected in 
the ultrafiltration concentrates represented a major 
proportion of the material present, probably up to about 40­
50% - assuming that carbon represents about 45% of the
elemental composition of the isolated material. Carbohydrate 
content did appear to be affected by season, and was 
generally higher during the spring and early summer months. 
Although much lower pro portions of proteinaceous materials 
were present in the ultrafiltration concentrates, 
macromo lec ule-ass ociated protein levels normalised to 
original seawater concentrations showed some seasonal change, 
with the highest content generally occurring during February 
to March. These observed increases in carbohydrate and 
protein content within the higher molecular weight (>1,000 
mol.wt) fraction of seawater DOC appear consistent with 
seasonal phytopl ankton/be nthic algal production. It has been
5.4 DISCUSSION.
shown that marine phytoplankton may exude precursor 
substances that can become incorporated into high molecular 
weight (Chrost et al_. , 1980) and humic substances (Wilson et 
al_. , 1983), and the formation of "gelbstoffe" from 
extracellular products of benthic algae has also been 
indicated (Sieburth and J e n s e n , 1969) . Thus it would appear 
possible that the nature of resultant exudates could 
influence the composition of dissolved macromolecular 
substances in seawater.
The chemical and infra-red spectroscopic data obtained for 
surface active materials from the ultrafiltration 
concentrates suggests that the greater proportion of these 
molecules were fulvic acid rather than humic acid in nature. 
Indicators of this were ':
(1) Very weak or non-existant IR absorption bands in the 
region 2840-2960 c m -1suggesting that the materials were not 
as strongly aliphatic in nature as are most humic acids.
(2) The strong IR absorption band at 1050 cm 1 is 
characteristic of substantial carbohydrate content (the large 
carbohydrate component was also suggested by the carbohydrate 
assay data for concentrates.). Higher carbohydrate content is 
more often associated with fulvic acids rather than humic 
a c i d s .
(3) There was no evidence of aromatic content' from the IR 
spectra. The degree of development of aromatic content is 
usually more pronounced in humic than fulvic acids.
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Whist the ultrafiltration concentrates appeared to contain 
largely fulvic materials, the infrared spectra of some 
chloroform-emulsion extracted materials showed absorption at 
1380-1460 cm-1 and 2840-2960 cm-1 indicating a higher 
aliphatic content, suggestive of humic acid. Absorption at 
1530-1550 cm-1 (secondary amide) was also generally more 
pronounced in chloroform-emulsion extracted materials, 
possibly indicative of a greater proteinaceous content than 
the ultrafiltration concentrated materials. The
ultrafiltration concentrated materials contain appreciable 
amounts of nitrogen (as indicated from XPS data - see chapter 
6, section 6.3.3.1 ), although this does not appear to be 
fully reflected in the detectable protein levels. This being 
suggestive that a major proportion of the nitrogen may be 
contained in non-proteinaceous material.
The similarity between I.R spectra of ultrafiltration 
concentrated -materials and i_n vivo adsorbed materials upon 
silver chloride after two hours immersion, shows that the 
organic seawater components involved in early adsorption 
processes were isolated by ultrafiltration.
The fractionation of an ultrafiltration concentrate 
(Concentrate I) by molecular size (ultrafiltration) showed 
that a major portion (almost 80%) of the concentrated organic 
material consisted of molecular species of above 50,000 
molecular weight. This is comparable to the findings of 
Edwards (1982) who found that about 70% of the organic matter 
in a UM2 seawater concentrate consisted of materials greater 
than or equal to 50,000 molecular weight (see Table 5.10).
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TABLE 5.10 : Molecular weight fractions of isolated material.
MOLECULAR
WEIGHT
FRACTION
PCAC
CONCENTRATE
PERCENTAGE COMPOSITION '
UM2 CHLOROFORM-EMULSION ' 
* CONCENTRATES EXTRACT
>300K 22.5 64 84.0
100-30OK 18.0 2 2.5
50-100K 38.0 4 2.5
10-50K 14.0 5 4.0
1-1 OK 7.5 25 2 . 0
<0.5 - - 5.0
* - data from this study (Concentrate I).
§ - data from Edwards (1982).
However, whilst the bulk (89%) of Edwards (1982) UM2 
concentrate consisted of materials of >300,000 molecular 
weight with a lesser amount of 1,000-10,000 molecular weight 
species, about seventy percent of the ultrafiltration 
concentrate (concentrate I) consisted of the intermediate 
fractions of 10,000-300,000 molecular weight. Whilst this may 
reflect seasonal variation (such as variation in the relative 
levels of humic and fulvic acids) in these substances in 
seawater at the collection site ( in both instances seawater 
was collected from Itchenor reach ), other factors that could 
contribute to the observed discrepancies are those concerned 
with artifacts arising from the different initial 
concentration procedures. In the present study, initial
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ultrafiltration concentration was achieved using a 1,000 
molecular weight cut-off filter that employs cross-flow 
filtration technology, whilst in the study of Edwards (1982) 
an Amicon "Diaflo" 1,000 molecular weight cut-off ultrafilter 
(code UM2) was used in a stirred concentration cell. •
The possibility of electrostatic rejection exists with the 
use of UM-type membranes because they contain charged sites 
(Carlson et_ a l ., 198 5) . The latter authors have suggested that 
previous use of these filters has resulted in exaggeration of 
the concentration of high molecular weight dissolved organic 
matter in seawater due to electrostatic rejection, enhanced 
filter retention and errors in contamination corrections. The 
conventional Amicon ultrafilters are more prone to enhanced 
retention due to pore blockage and membrane polarisation 
effects than is the Millipore "PCAC" ultrafilter since the 
cross-flow filtration mec ha nism of the'latter reduces these 
effects. The greater shear forces involved in the use of the 
Millipore "Pellicon" system might possibly have had the 
effect of reducing the molecular size and may thus have 
contributed to the apparent discrepancies. The reasons for 
diffences between concentrations of materials in each of 
the molecular weight ranges examined in this study and that 
of Edwards (1982) remain a matter for further investigation.
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STUDIES ON THE INFLUENCE OF ADSORBED ORGANIC 
MATERIAL UPON SUBSEQUENT FOULING PROCESSES.
CHAPTER 6
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It was Zobell and Anderson (1936) who first noticed the 
beneficial effect of solid surfaces upon marine bacterial 
activity in dilute nutrient solution (stored seawater), and 
they suggested that their observations may have been 
manifestations of adsorbtion-mediated concentration of 
nutrient materials at the solid surface. In further studies 
(Zobell, 1943), it was shown that after offering variable 
surface area to a given volume of stored seawater, 2 to 27 
percent of the organic content of the seawater could be 
removed by adsorption to the glass surface with the amount 
adsorbed being roughly proportional to the area of exposed 
glass surface.
Evidence that surface properties could be altered by 
marine organic adsorbates was first provided by Harvey (1941) 
who showed that the surface tension (observed as capillarity) 
of small glass tubes could be altered upon immersion in 
seawater. Neihof and Loeb (1972a) have also shown surface 
parameter alteration by using a particle microelectrophoresis 
technique.In their study materials which ranged from strongly 
negative to strongly positive surface charge in or gan ic­
-free artificial seawater all become moderately negatively 
charged (similar to natural seawater particulates) upon 
immersion in natural seawater. In subsequent studies with 
filtered (particulate free) seawater (Neihof and Loeb, 1972b; 
Neihof and Loeb, 1974), the importance of dissolved organic 
matter in imparting negative charge was realised since 
original surface charge (as observed in artificial seawater)
6 .1 Introduction.
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was retained in U.V. pho too xidised natural seawater (organic­
-free natural seawater). It was concluded that the surface 
charge exhibited by immersed solids is determined largely by 
a layer of organic matter carrying a net negative charge that 
is rapidly formed by adsorptive processes upon seawater 
immersion. However, since this material could not be eluted 
from surfaces using distilled water, it was suggested to be 
tightly bound possibly by multiple binding sites such as are 
often associated with macromolecules like humic acids and 
proteinaceous materials. Experiments with dialysed seawater 
showed that the adsorbate may include materials above and
below 12,000 molecular weight (Neihof and Loeb, 1972a) thus 
the incorporation of proteinaceous and humic materials, which 
are surface active arid carry a net negative charge at
seawater pH, was considered a possibility. Investigations of
the formation of adsorbed films upon polished platinum 
surfaces in seawater (Loeb and Neihof, 1975; 1977) by
ellipsometry have shown that film formation is rapidly 
initiated within the first few minutes of immersion and that 
film thicknesses near to their final value (estimated to be 
in the range 20-80 nm) were reached by 5 hours, although 
detectable film growth still occurred after 20 hours. 
Parallel study of the electrophoretic mobilities of platinum 
particles found these to become constant by one hour, 
suggesting either complete surface coverage at this time or 
at least no further changes in the density of surface charge 
with time. It was suggested therefore that ellipsometric
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changes after one hour were due to adsorption of additional 
material of similar refractive index and composition causing 
further film thickening. As film formation occurred the 
surface charge upon the normally positive platinum became 
negative and contact angle determinations showed a reduction 
in wettability with a resulting surface energy similar to 
that of a polyamide surface. Fluorescence spectroscopic 
observations of Atlantic and Chesapeake Bay seawater for 
both intrinsic humic acid fluorescence (at 420 nm) and that 
due to non-acetylated amino group excitation of added 
fluorescamine reagent, before and after organic adsorption
onto a large surface area (provided by silica particles)
revealed reductions in both signals indicative of adsorption 
occurring from the humic fraction of dissolved organic matter 
in these seawaters (Loeb and Neihof, 1975). However
observations by Baier and co-workers (Goupil et. a_l. , 1980;
Baier, 1984) using multiple attenuated internal
reflectance infra red spectroscopy in a direct study of 
marine organic material adsorbed upon germanium prisms,
suggested that the adsorbed layer was largely p r o t e i n a c e o u s . 
Particle mic roelectrophoresis studies in surface seawater 
from the North Sea by Hunter (1980) have yielded similar 
results to those of Neihof and Loeb with a range of
chemically different newly exposed surfaces becoming covered 
by a tenacious organic layer that dominates their surface 
chemical properties. Discovery of a dependance of 
electrophoretic mobility upon pH and divalent metal ion 
concentration indicated carboxylic acid and phenolic hydroxyl
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groups as dominant functional groups attributable to the 
organic adsorbate. Dissociation constants for these groupings 
upon initially hydrophilic or hydrophobic surfaces were in 
agreement with those calculated by Wilson and Kinney (1977)
from potentiometric titrations of high molecular weight
(>45,000 mol.wt.) materials isolated from Gulf of Alaska 
seawater. Further evidence of adsorption process involving 
marine high molecular weight materials was obtained by use of 
AC polarography employed to determine surface active
substances in Adriatic seawater by Cosovic and Vojvodic 
(1982). Their capacity current-potential curves suggested 
that adsorption effects at the surface of hanging mercury
drop electrodes was due to high molecular weight materials.
Kristoffersen e_t <^.(19823) showed that shifts in the free 
potencials of copper, aluminium, iron and gold initiated on 
immersion in natural seawater, correlated well with organic 
adsorption followed using e l l i p s o m e t r y . These progressive 
surface potential changes ceased after about 30 minutes, 
stabilising well before ellipsometer readings indicating, as 
observed by Neihof and Loeb (1975; 1977), that latterly
adsorbing organic species merely increase film thickness 
without imparting further changes to the adsorbant surface.
The chemical composition of adsorbed materials upon iron, 
copper and aluminium surfaces after 2 hours exposure was 
found to be similar upon all surfaces. Adsorbed material was 
found to consist of mostly bound aminoacids (largely 
(neutral) glycine and serine and (acidic) glutamic and
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aspartic acids) with small amounts of fatty acids (mainly 
myristic, oleic, stearic and palmitic acids), glucose and 
ribose (Kr istof f ersen et: a_l. , 1982b). Since the hydrolysis of 
film material yielded relatively large ammounts of amino 
acids the authors suggested that the film material was 
composed largely of proteinaceous material as had previously 
been indicated by Baier and coworkers. Edwards (1982) in his 
study of the nature and adsorption proprties of dissolved 
organic matter isolated from Chichester Harbour (U.K.) 
seawater, produced isotherms and other evidence suggesting 
that the development of organic layers does not occur due to 
simple progressive adsorption but occurs as a result of 
adsorption and subsequent desorption of lower molecular 
weight molecules that are gradually replaced by higher 
molecular weight adsorbates. This process was found to take 
about 90 hours or longer to complete, and the higher 
molecular weight tenaciously adsorbing fractions were 
suggested to include humic acids as the major component with 
lesser amounts of fulvic acid and lipid material (as 
determined from extraction procedures and I.R. spectra).
Pyrolysis and chemical ionization mass spectroscopy 
performed on material adsorbed onto titanium (Zsolnay and 
Little, 1983) has shown that the composition is quite 
different from bulk seawater organic material suggesting, as 
inferred by Edwards (1982), that adsorption is a selective 
process. Further studies by these authors (Little and 
Zsolnay, 1985) on a range of metal surfaces have shown 
appearance and disappearance of pyrolysates within the first
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hour of immersion giving further support for concomitant 
desorption processes. They also produced evidence that 
different metal surfaces - including 90/10 c o p p e r - n i c k e l ,
stainless steel, aluminium and titanium differ in both the
amount of material adsorbed and adsorbate chemical 
composition (pyrolysate fragments could not be identified but 
different ones were apparent). In the latter study, 
stainless steel adsorbed the most organic material and least
adsorption occurred upon titanium surfaces. Data concerning
changes in surface potentials differed from that of 
Kristoffersen e_t al_. ( 1982a) with stainless steel and titanium 
becoming more positive after immersion (stabilising, after 2 
hours), whilst aluminiu m (stability not reached after 24 
hours) became more negative.
From this brief discussion of events occurring at the 
surfaces of solids immersed in seawater, it is clear that 
these events involve complex interactions which are 
determined by initial surface characteristics associated with 
the material surface involved, and also the nature and 
concentrations of prevailing dissolved and colloidal organic 
substances in seawater.
The seasonal and environmental variability of marine humic 
substances is well known (Rashid, 1985) and the apparent 
differences in the com position of adsorbed films (as observed 
by different authors) may be a function of this and the 
variable binding properties of the different molecular weight 
subfractions of macromolecular marine organic materials. The
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capacity of these materials for abiological binding of 
organic monomers such as amino acids, sugars and fatty acids 
at seawater concentrations has been shown by Carlson et a l . 
(1985). As a consequence of this, geographical and temporal 
availablity of these low molecular weight materials may be of 
vital importance to our understanding of humic materials and 
the composition and development of adsorbed films. Carlson et 
a l . ( 1985) have also produced evidence suggesting that
condensation reactions involving marine macromolecules and 
monomeric materials result in "sticky" materials that are 
liable to adsorb to surfaces. ' ■
The findings of Zsolnay and Harvey (1985) are interesting 
in this respect in that as seawater fulvic acids aged they 
were found to become more like humic acids and that 
characterisation of these materials suggested that 
nitrogenous components of fulvic acids are more like non­
amino acid nitrogen containing materials, whilst components 
of the generally higher molecular weight humic acids included 
materials with similar properties to proteins and carboxylic 
acids. The greater tendancy for adsorption of humic acids 
over fulvic acids has been noted by Edwards (1982). Given the 
concentration of organic materials from bulk seawater 
occurring at solid-liquid interfaces, it is possible that 
adsorbed and surface associated materials are themselves 
altered by condensation reactions, and that possible 
resultant adsorption, desorption, molecular growth and 
conformational changes are underlying factors in film 
d e v e l o p m e n t .
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Some of the possible implications of molecular fouling 
upon subsequent fouling processes had been realised early on 
by Zobell (1943) and its general acceptance as an important 
initial "surface conditioning" step has evolved largely in 
the absence of further appropriate experimentation. Thus the 
influences of selectivity, concentration and possible 
alteration of marine organic materials associated with newly 
immersed surfaces and the effect of concomitant surface 
physicochemical changes upon both organism adhesion and 
subsequent stages of fouling development remains largely 
u n e x a m i n e d .
Some progress has been made regarding the effects of 
dissolved materials upon adhesion of specific organisms. 
Tosteson and coworkers have isolated macromolecular materials 
of greater than 20,000 molecular weight from north eastern 
Caribbean seawater that have the capacity to enhance the 
aggregation of marine Chlorella vulgaris cells and the 
adhesion of this alga to glass. These adhesion-enhancing 
macromolecules have been shown to contain carbohydrate and 
protein and have adsorption properties that are normally 
associated with acidic polymers (Tosteson and Corpe, 1975; 
Tosteson et_ a_l. , 1976), suggesting their similarity to 
materials that comprise surface conditioning films. Tosteson 
and Corpe (1975) have reported similarities in the properties 
of seawater isolated materials and the high molecular weight 
exudates of bacteria and phytoplankton. .
Further studies of these dissolved organic macromolecules 
from north eastern Caribbean seawater (Jimenez velez et al.,
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1979) has revealed an association between their capacity for 
adhesion enhancement and their organic carbon and nitrogen 
content. High molecular weight materials that were inhibitory 
or inactive as regards Chlorella vulgaris aggregation and 
adhesion were found to contain higher average levels of 
organic carbon and low average organic nitrogen, whilst 
adhesion enhancing macromolecules had high average levels of 
organic carbon and high average organic nitrogen content. The 
latter authors isolated greater amounts of the adhesion 
enhancing macromolecules from seawater during daytime than at 
night, suggesting a possible influence of light energy or 
primary production upon the structure and properties of 
these materials.
Studies of surface active dissolved organic materials 
isolated from Chichester Harbour seawater by chloroform 
emulsion extraction and ultrafiltration have revealed a 
further influence of macromolecular material upon adhesion. 
The attachment of a marine pseudomonad (NCMB 2021) to glass 
slides was found to be inhibited by seawater extracted 
materials that had, prior to the attachment assay, been 
adsorbed to the glass surface from a concentrated desalted 
solution (Edwards, 1982). Using the same bacterium and XAD-2 
resin extracted seawater materials found to be (largely 
fulvic acid in nature) adsorbed to AISI 316 stainless steel 
(as confirmed by surface analysis using X-ray photoelectron 
spectroscopy), Chamberlain and Van Woerkom (1986) have 
reported decreasing levels of attachment upon surfaces that
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had been exposed to increasing concentrations of extracted 
materials in the range 0-100mg/l. Similar results were 
obtained by these authors for the attachment of Amphora 
coffeaeformis and Achnanthes longipes to stainless steel, 
with complete inhibition of attachment occurring upon 
surfaces that had been exposed to a solution of lg/1 of XAD-2 
extracted material.
In addition to a further examination of the influence of 
high molecular weight marine organic materials upon bacterial 
adhesion, this chapter attempts to examine microfouling 
processes in relation to molecular fouling events, and to 
assess the effects of preadsorbed films upon marine fouling 
development on stainless steel and selected elastomer 
s u r f a c e s .
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6.2.1 Assessment of the influence of organic matter upon 
the marine fouling of stainless steel.
The following experiments were set up in order to 
elucidate what effects, if any , the adsorption of marine 
organic materials exert upon the marine fouling process upon 
stainless steel A.I.S.I. 316.
6.2.1.1 Short term molecular and biological fouling of 
stainless steel.
In order to detect the low levels of organic adsorbates 
and attached bacteria after only very short immersion periods 
all contaminating materials were carefully removed by 
polishing A.I.S.I. 316 coupons (15x8mm with drilled hole in 
top right corner) on a rotary lapping machine using a range 
of silicon carbide and ultimately diamond grits. The surface 
roughness was reduced to less than 0.05 ^ m  as determined by a 
surface profiling instrument. Smoothed coupons were then 
treated sequentially with "Teepol" and methanol, dried in a 
flow of filtered warm air, rinsed in acetone and then rinsed 
for one minute under a running jet of sterile "Milli-Q" 
water. The coupons were then dried in an oven at 70°C. 
Samples were transported to the exposure site suspended in 
sealed, water-tight, sterile acid cleaned universals after a 
small length of nylon monofilament line had been tied to 
them. At exposure site line coming out from the sealed
6.2 MATERIALS AND METHODS
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universals was tied to labelled pins on a length of cane that 
was lowered into the seawater off the Hayling Jetty 
(Langstone Harbour, May 1984). The universals were only then 
opened, underwater, to avoid organic (Hunter and Liss, 1981; 
Norkrans, 1980) and bacterial (Di Salvo, 1973; Hermanson and
Dahlback, 1983; Norkrans, 1980) contamination from the sea-
-surface microlayer. All universals were opened within 
approximately three minutes; coupons for the longest time 
periods first. Four coupons were retrieved at each of the 
following time intervals (0), 10, 30, 60, 120, 240 and 340
minutes. Universals were again used to avoid contamination 
from the sea-surface microlayer, and upon removal 'from the 
universals, coupons were rinsed for 10 seconds (approx) under 
a flow of sterile "Milli-Q" water (to remove reversibly bound 
bacteria). At each time three coupons were suspended in 
bouins fixative (15:15:1; picric a c i d :f o r m a l i n :glacial acetic 
acid) and retained for bacterial counts, whilst another, to 
be used for surface analysis, had excess water removed from 
it (by placing its edges on absorbent paper) before being 
placed in a sealed tube containing desiccant at one end. At 
each time interval aliquots of seawater were taken and plated 
on to marine agar 2216 to monitor seawater bacterial numbers. 
Upon return to the laboratory, fixed coupons were rinsed in 
sterile "Milli-Q" water for 5 minutes and then stained with 
5mg/l acridine orange solution (Fletcher and Loeb, 1979) and 
air dried. Bacterial counts (50 fields, each of 7 0 0 0 ^jum2, per 
replicate coupon; 150 in total for each time period) were
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performed by reflected light epifluorescent microscopy at a 
magnification of X1562 (Leitz orthoplan micrscope fitted with 
a X100 Fluotar oil immersion lens). Areas were calibrated 
using a micrometer slide and eyepiece.
Coupons for surface analysis were mounted onto metal 
specimen holders, earthed with silver dag at their edges and 
analysed by X-ray photoelectron spectroscopy (XPS) using a 
Vacuum Generators E.S.C.A mk3 with an aluminium K-alpha X-ray 
source (K.E.= 1486.6 EV). High resolution narrow scans were 
performed for each 11 elements (C, 0, N,S, Si, Mg, Cl, Cr,
Fe, Na and P); their peak areas were determined vi.a a PDP8e 
computer-based data aquisition system and these were used to 
determine surface compositions of elements (following 
subtraction of linear background and normalisation using 
sensitivity factors (Garner, 1987).). The marine agar (2216) 
plates were incubated for one week at 20°C and counts from 
plates containing between 30 and 300 colonies were used to 
calculate seawater bacterial numbers.
6.2.1.2 Fouling of organically pretreated stainless s t e e l .
A.I.S.I. 316 coupons (70X17 mm with M5 hole at top) were 
prepared, to a surface roughness of less than 0.07 ^ um, using 
methods described in section 6.2.1.1 . Coupons were then 
rinsed sequentially in ethanol, acetone, and finally under a 
jet of sterile "Milli-Q" water for one minute. Each were 
then placed in a sterile acid-cleaned universal filled with 
one of four solutions containing 0.0, 1.4, 6.9 or 13.8 mgC/1
of concentrated marine organic material (>1,000 mol. w t . ) .
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All solutions were created by diluting Concentrate D (from 
seawater collected 25th May 1984; for concentrate details see 
chapter 5, section 5.3) with sterile "Milli-Q" water. Sealed
universals were shaken at 40 rpm (diameter of circle of
motion approx. 10cm) for 90 hours at 5°C in the dark to
assist the adsorption of these materials to the metal
coupons. Coupons were then transported down to the exposure,
site (Itchenor Reach, Chichester Harbour) where they were 
bolted to immersed varnished marine plywood panels using 
nylon bolts. As in section 6.2.1.1 , all universals were 
opened underwater to avoid sea-surface contamination of
coupons and to ensure that the the latter were not subjected
to drying effects that would have disrupted the adsorbed 
organic materials. All-strips were immersed on 11/10/84 and 
coupons of each treatment were removed (without' surface 
contamination) after 1 week (18/10/84), 2 weeks (25/10/84)
and 5 weeks (15/11/84). Three 10 X 17 mm portions were cut 
from the centre of each coupon and were processed for SEM and 
examined (see Chapter 2, section 2.3 for methods).
6.2.1.3 Comparison of fouling on natural and artificially
produced organic films on stainless steel.
This experiment was concieved in order to provide a 
detailed concurrent examination of the influences of 
naturally adsorbed and preadsorbed organic material upon the 
initial and longer term marine fouling sequence upon 
A.I.S.I. 316 stainless steel .
362
Stainless steel coupons (70 X 17 mm with M5 hole at top) 
were prepared as in section 6.2.1.1 . Each coupon was then 
placed in a sterile, acid-cleaned, universal containing one 
of the following solutions:
Treatment Solution composition
A Sterile "Milli-Q" water (O m g C / 1 ).
B Sterile 0.22 ^ m  filtered seawater
collected 14/5/85 and estimated to 
contain 0.5mgC/l organic material 
of >1,000 Mol. w t . .
C Concentrate G (see Chap. 5, section
5.3.1) diluted with sterile "Milli-Q" 
water to 12mgC/l.
D Concentrate G diluted with sterile
"Milli-Q" water to 120mgC/l.
Sealed universals were then shaken as described in section
6.2.1.2 . All coupons were transferred 'to the exposure site
at Itchenor Reach in their solution filled universals, and 
were immersed on 21/5/85. Coupons that were for removal after 
immersion times less than one day were' immersed and suspended 
in a similar manner to the those used in section 6.2.1.1, 
whilst those for retrieval after longer exposure times were 
deployed as in section 6.2.1.2 . To avoid confusion coupons 
that had the same pretreatment before immersion were kept
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together on the same panel. All panels were immmersed in the 
same place and were retained in the same orientation, at a 
depth of 1.5m.
Exposed coupons (one of each t r e a t m e n t ,randomly selected) 
were retrieved as described in section 6.1.1.1, at intervals 
(0, 5, 10, 20, 40, 80, 160, 320 & 640 minutes and 1, 2, 3, 4, 
5, 7, 13, 18, 25, 45, 105, 169, 288 & 345 days) and examined 
by a combination of visual observation, transmitted light 
microscopy (surface scrapings), reflected light
epifluorescence microscopy, SEM, TEM and also by XPS surface 
analysis. All coupons were handled by their ends and the 
bottom 10mm (approx.) was firstly removed using cutters and 
discarded. Successive 10 X 17mm (approx.) portions were then 
cut from coupons for light microscopy and for SEM (and when 
required, for TEM) and after rinsing the remaining portion 
with sterile "Milli-Q" water further portions were removed 
for XPS and reflected light epifluorescence microscopy 
(RLEM). Portions for light microscopy were placed directly 
into seawater (collected at time of sampling) and surface 
scrapings were examined as wet mounts within 2 hours. 
Portions for SEM (and TEM) were instantly put in to 0.1m 
sodium cacodylate containing 3% glutaraldehyde and 0.25M 
sucrose and retained in this until further processing (see 
Chapter 2 sections 2.3 and 2.4). •
Portions for XPS were treated and analysed as for those in 
section 6.2.1.1. . Curve fitting of the carbon Is spectra
was achieved for some samples using an iterative least 
squares routine (Sherwood, 1983) available on a PRIME 750
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computer. Portions for RLEM were treated as for those in 
6.2.1.1., and bacterial counts were also performed in a 
similar way to those in section 6.2.1.1. (except that 150 
fields, of 7000 ^ m 2 , were counted from one specimen at each 
sampling t i m e ). -
Diatom counts were done by SEM, with samples held at zero 
degrees tilt and observed at a magnification Of X I , 000 (the 
number of 9305 urn2 fields counted varied with sample 
immersion time).
6.2.2 Assessment of the influence of preadsorbed organic 
material upon the marine fouling of various types of 
vulcanised and unvulcanised rubber surfaces. *
This experiment was set up in order to firstly assess the 
fouling properties of a small number of unvulcanised rubbers 
compared to their respective v u l c a n i s a t e s . Also examined was 
the influence of preadsorbed organic material upon fouling 
properties, bearing in mind that each of the rubbers carried 
different surface chemical groups (Natural rubber, methyl 
groups; butadiene, hydrogen atoms; "Neoprene", chlorine 
groups; butadiene- acrylonit rite (blend), nitrile groups ). 
All rubbers were prepared at A.R.E, Holton Heath, Poole, 
Dorset, in the following way :
Unvulcanised rubber.
Natural rubber, in the form of smoked sheet, was placed 
between two sheets of inert, thermostable, plastic in a
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heated (120°C) press until it formed a flattened sheet. 
Acrylonitrile ("Paracril 1880") and butadiene ("Diene 55" -
55% cis form) rubbers were prepared in a similar fashion. 
"Neoprene GW" chips were fused into one piece by milling with 
cold rollers which was then similarly flattened.
Vulcanised rubbers.
These were prepared in a similar way to those used in 
Chapter three (see section 3.2.1). Compositions of these 
elatomers are given in Tables 6.1 to 6.3. The formulation of 
the "Neoprene" vulcanisate (composition 2754) is given in 
table 3.1, section 3.2.1 .
TABLE 6 . 1 : Composition of mix 1991 (Natural rubber
vulcanisate) in parts per hundred rubber.
COMPONENT PHR
SMOKED SHEET 
(natural rubber)
100
STEARIC ACID 1
ZINC OXIDE 5
SANTOCURE (1) 0.8
SULPHUR"D" 2.5
FLECTOL"D" (2) 1
SEVACARB MT (3) 20
1. Cyclo he x y l s u l p h e n a m i d e .
2. Polymerized 2,2,4 trimethyl h y d r o q u i n o n e .
3. Carbon black filler.
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TABLE 6.2 Composition of mix 2679 (a vulcanised Butadiene- 
acrylonitrile blend) in parts per hundred rubber.
COMPONENT PHR
PARACRIL 1880 (1) 50
BREON (36-70) (2) 50
ZINC OXIDE 5
STEARIC ACID 1
NONOX "B" (3) 0 . 5
M.B.T.S. (4) 1
M.S. (5) 0.5
PHILBLACK S.R. (6) 60
D.O.S. (7) 6
DUTREX RT (8) 4
1. Acrylonitrile rubber. 2. Butadiene rubber.
3. Condensation product of acetone diisobutylene. .
4. M e r c a p t o b e n z t h i a z o l e . 5. Tetramethylthiuram monosulphide.
6. Carbon black filler. 7. Dioctyl sebacate. .
8. Petrolium oil (rich in aromatics).
TABLE 6 . 3 : Composition of mix 3047 (Butadiene vulcanisate) in 
parts per hundred rubber.
COMPONENT PHR
DIENE 55 (1) 100
ZINC OXIDE 5
STEARIC ACID 2
SANTOCURE (2) 1.25
T.M.T (3) 0.15
SULPHUR 10
SRF PHILBLACK (4) 2
1.Butadiene rubber (55% cis form). 2. Cyclohexylsulphenamide
3 .Tetramethylthiuram monosulphide. 3. Carbon black filler.
Pretreatment before i m m e r s i o n .
Strips (20 X 70 mm with M5 hole at top.) of each rubber 
were treated with Concentrate D, diluted to 12mgC/l, as 
described in section 6.2.1.2 .
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The elastomer strips were then transported to the Itchenor 
Reach exposure site and immersed, as in section 6.2.1.1, on 
5/3/86. Samples of each elastomer were retrieved after one 
and two weeks for RLEM (sample preparation and bacterial 
counts were performed as in section 6.2.1.1) and normal 
(transmitted) light microsco py (unvulcanised material only).
6.2.3 In vitro attachment assay to determine the effects of 
ma-rine organic macromolecules upon bacterial adhesion 
to stainless steel.
This experiment was designed in order to examine further 
the effect of high molecular weight marine organic materials 
upon bacterial adhesion to stainless steel. The study was 
designed to assess the effects of adsorbed marine organic 
materials, as well as the possible influence of their 
presence in culture media upon the adhesive capabilities of a 
marine bacterium.
6.2.3.1 Preparation of bacterial s u s p e n s i o n s :
Cells of bacterial strain 114 (a marine vibr io S p . ) were 
grown up in artificial seawater containing 0.2% acetate and 
0.002% casaminoacids (see Chapter 7, section 7.2) with and 
with out the addition of various concentrations of previously 
isolated and fractionated (sections 5.2.1.6 and 5.3.3) 
marine organic material (see Table 6.4). Growth was monitored 
by nephelometry (see Chapter 7, section 7.2.4) and early 
stationary phase cells were harvested by centrifugation at 
2000Xg. These were then resuspended in artificial seawater to
Immersion and observation after r e t r i e v a l .
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give an O.D of 10. At this point, to enable comparisons of 
viability of cells grown in the various treatments, 0.1ml 
aliquots were removed and diluted for plating out on marine 
agar 2216 (plates were incubated for 72 hours at 20°C before 
count i n g ).
TABLE 6 . 4 : Summary of combinations of growth conditions of
  ....  cells and metal surface treatments examined in
attachment a s s a y s . (§1 = 6.45mgC/l)
SUSPENDED CELLS GROWN SURFACE PRETREATMENT
IN PRESENCE OF
FRACTION 5(§1) "MILLI-Q" WATER
1.29 mgC/1 fraction 5 (§2) * *
2. 97 mgC/1 * *
4 . 64 mgC/1 * *
6. 45 mgC/1 * *
1.04 mgC/1 fraction4 * *
2.39 mgC/1 * *
3.74 mgC/1 * *
5.20 mgC/1 * *
2.20 mgC/1 fraction3 * *
5.06 mgC/1 * *
7.92 mgC/1 * *
11 . 0 mgc/l * *
0.81 mgC/1 f ract ion2 * *
1.86 mgC/1 * *
2.92 mgC/1 * *
4.05 mgC/1 * *
0. 43 mgC/1 fraction 1 * *
0.99 mgC/1 * *
1. 55 mgC/1 * *
2.15 mgC/1 * *
§2Fraction 1 = marine organic matter 1,000-10,000 Mol.wt.
Fraction 2 = marine organic matter 10,000-50,000 Mol.wt.
Fraction 3 = marine organic matter 50,000-100,000 Mol.wt.
Fraction 4 = marine organ ic matter 100,000-300,000 Mol.wt
Fraction 5 = marine organic matter >300,000 Mol.wt.
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6.2.3.2 Preparation of stainless steel s u r f a c e s .
Stainless steel coupons (70X17 mm ) were smoothed and 
cleaned (as in section 6.2.1.2) and then these were placed in 
sterile acid-cleaned universals into which either "Milli-Q!' 
water or 6.45mgC/l fraction 5 organic material (materials of 
greater than 300,000 Mol.wt., see section 5.3.3) was
aseptically poured by running it down the smoothed surface of 
the metal. Capped universals were then shaken as described in 
section 6.2.1.2 . Pretreatment solutions were then displaced 
upwards with 30ml of sterile "Milli-Q" water inserted through 
the tip of a pippette inserted down to the base of the
u n i v e r s a l .
6.2.3.3 Adhesion a s s a y s .
Treated coupons were removed from their universals and 
aseptically placed in sterile, clean, dry universals and as 
quickly as possible ( to avoid drying of the surface). The 
required bacterial suspension was then (aseptically) poured 
into the universals by running it down the smooth side of the 
metal coupons at approximately 30° to the vertical. The
smooth sides of coupons were then rotated to face downwards
(to avoid deposition effects) and the universals were capped 
and incubated for 2 hours at 20°C. Combinations of growth 
conditions and surface treatments assayed are given in table 
6.4 . After incubation, metal coupons were rinsed with
sterile "Milli-Q" water by upward displacement and processed 
for RLEM as in section 6.2.1.1 . Bacterial counts were
recorded from 200 ( 7000 ^ m 2 ) fields on one coupon per cell 
growth conditions/surface treatment combination assayed.
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6.3.1 Observations on the short term molecular and biological 
fouling of stainless steel.
The surface analysis data (Table 6.5 and figure 6.1) 
revealed a general increase in the levels of carbon, 
nitrogen, sulphur, chlorine and magnesium upon the surface
with increasing exposure time. Conversely,levels of oxygen, 
chromium and iron showed a general reduction with time. 
Reduction in detectable chromium and iron (elements present
in the alloy) was indicative of surface coverage, and the 
covering materials were largely organic in nature as can be 
seen from the high levels of carbon relative to other 
elements. The changes in the relative atomic percentages of 
carbon, oxygen and nitrogen with increasing duration of 
immersion (see table 6.5) suggested that existing 
"contaminant" organic material (present before immersion) was 
being replaced or covered by adsorbing marine organic
TABLE 6 . 5 : Elemental compositions of surface materials upon 
stainless steel after 0 to 340 minutes marine
immer s i o n .
TIME SURFACE ELEMENTAL COMPOSITION
IMMERSED (ATOMIC % OF ELEMENTS)
6.3 RESULTS.
( MI NS ) C O N S Si Na Cl Mg P Cr Fe
0 48.18 44. 01 0.78 0.09 _ 0.11 2.35 4 .48
10 49. 78 43.17 0 . 89 0. 16 - - - - 0.21 1. 84 3 . 94
30 53.97 34.10 1.02 - 6.98 - 0.20 - - 1.13 2.62
60 51.05 36 . 09 0.79 - 6 . 72 - - - - 2.03 3 .31
120 49. 71 36.16 1.66 0.10 6 .90 - - - - 2.03 3.44
240 61. 82 28.16 3 .12 0. 27 - 0. 52 3 . 62 0. 57 - 0. 72 1 . 20
340 58.13 26. 67 2.35 1.14 3.03 0.68 4.96 1. 63 - 0 .59 0.82
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Figure 6 . 1 : XPS spectra showing changes in surface chemical
composition on marine immersed stainless steel
BECEVi VI
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materials of a different nature. The relatively high nitrogen 
content of the natural marine adsorbed materials is 
consistent with nitrogen levels in surface active high 
molecular weight marine organic materials isolated by 
ultrafiltration (see results section 6.3.3.1) and those 
isolated by XAD-2 resin extraction (Chamberlain and Van 
Woerkom, 1986).
Bacterial counts were very low at all time intervals 
examined and the raw data was compared using the chi-squared 
significance test. Values for chi-squared (see table 6.6)
Table 6 . 6 : Values of chi-squared* for comparisons between 
bacterial counts on replicate coupons and between 
data from different time intervals (Degrees of 
freedom = 1, in all comparisons.).
TIME
INTERVAL
(MINUTES)i 0 10
TIME
30
INTERVAL
60
(M IN UT ES) 
120 240 340
0 -§
10 - -
30 16.13 16.13 (5.06) *
60 94.74 94. 74 49.60 (0.16)
120 87.95 87. 95 58.29 0.20 (2.27)
240 150.01 150.01 116.27 10. 53 13.87 (1.15)
340 159.19 159.19 125.02 14.09 17.68 0.26 (3.15)
* Values in brackets refer to comparisons between replicates,
whilst those underlined indicate NO SIGNIFICANT DIFFERENCE
at P=0.05 between data compared.
§ Data was identical (no bacteria counted in 150 fields).
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for comparisons between replicates for each time interval 
were consistent with the separate replicate data not being 
significantly different (at P=0.05). Chi-squared values for 
comparisons between pooled replicate data from different time 
intervals (table 6.6), revealed that all were significantly 
different (at P=0.05) except data for 60/120 minutes and data 
for 240/340 minutes.
Whilst the changes in surface elemental composition due to 
organic adsorption were most apparent at times beyond 120 
minutes, the greatest rates of bacterial attachment occurred
TABLE 6.7: Bacterial attachment to stainless 
in seawater at Itchenor Reach.
steel immersed
IMMERSION TIME MEAN NUMBER* OF
(MINUTES) BACTERIA PER m m 2 SURFACE
ATTACHMENT 
RATE 
( CE LLS/mm2 )/MIN
0 0.0
10
0-10
0.0
-
30
0-30
16.7 + 5.7
0.56
60
30-60
107.5 + 10.3
3.03
120
60-120
1 6 1 . 3 + 2 0 . 3  •
0.90
240
120-240
213.8 + 19.9
0. 44
340
240-340
247.3 + 15.0
0.37
* = Data from 150 Fields (50 from each of 3 replicates).
374
within the first 120 minutes of exposure. Bacterial 
attachment appears to become linear after 60 to 120 minutes 
(see table 6.7). Seawater bacterial numbers remained at 
approximately 1 0 3 viable cells/ml throughout the course of 
the experiment, and bacterial surface growth was not apparent 
upon any of the surfaces examined.
The observations of this study, considering the extremely 
low degree of particulate fouling seen during microscopic 
examination, suggested that molecular fouling had occurred 
and that this was responsible for the gross alteration of 
surface chemical composition.
The data presented also appears consistent with the 
possibility that bacterial attachment rate is negatively 
influenced by the presence of naturally adsorbing organic 
m a t t e r .
The erratic occurrence of relatively high levels of 
silicon did not appear to be due to the presence of diatoms 
(since these were extremely scarce at all times) and was more 
likely to be attributable to very fine silt particulates that 
became incorporated from the harbour water into the fouling 
film.
6.3.2 Observations on the fouling of organically pretreated 
stainless steel.
6.3.2.1 Fouling at 7 d a y s ;
After one week adsorbed materials upon pretreated surfaces 
were evident by SEM as non-conducting areas (see Figures 1
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PLATE 54
SEM of organically pretreated stainless steel surfaces.
Figure 1 : The 1.4 mgC/1 organic pretreated surface
showing irregular distribution of electron 
dense adsorbed organic material after 7
days immersion. (Bar = l^um)
Figure 2 : The 6.9 mgC/1 organic pretreated surface
showing well defined patches of electron
dense adsorbed organic material, after 7
days immersion. (Bar = lOOum)
Figure 3 : The surface of stainless steel after partial 
immersion (for 90 hours) in ultrafiltration 
concentrate D, showing the electron dense 
(DS) absorbed organic material upon the
immersed portion of the surface. ,
(Bar = 4 0^im)
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PLATE 55
SEM of organic pretreated and unpretreated surfaces 
after 7 days immersion.
Figure 1 : The unpretreated surface displaying the 
absence of electron dense areas.
(Bar = lOum)
Figure 2 : The 13.8 mgC/1 organic pretreated surface 
showing less well defined patches electron 
dense adsorbed organic matter (compare to 
Fig. 1, Plate 5 4 ) . - (Bar = lOum)
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and 2, Plate 54 and Figure 2, Plate 55 ; compare to Figure 3, 
Plate 54). The distribution of adsorbed materials was patchy, 
imparting a "mottled" appearance to the surface. This was 
most apparent with the 1.4mgC/l pretreated surface rather 
than either the 6.9mgC/l or 13.8mgC/l pretreated surfaces. No 
fouling organisms were noted upon any of the pretreated 
surfaces at 7 days, although extremely low numbers of 
rod-shaped bacteria were observed upon the control 
surface (pretreated with "Milli-Q" water). The latter surface 
had aquired only a small amount of fine particulate matter 
and no "mottling" was observed upon this surface (Plate 55, 
figure 1).
6.3.2.2 Fouling at 14 d a y s :
No further evidence of fouling was observed upon either 
the control or the 1.4 mgC/1 pretreated surfaces.'’ The 
"mottling" of pretreated surfaces observed at 7 days had 
become faint and uniformly distributed over the whole 
surface. The only fouling organisms present upon surfaces 
that had been pretreated with 6.9 and 13.8 mgC/1 were low 
numbers of small brown, prostrate, radiating growths of 
Myrionemoid algae (see Plate 56, figures 1 and 2). Growths 
observed upon the 6 . 9mgC/l pretreated surface covered greater 
areas than those observed upon the 13.8mgC/l pretreated 
surface. The continuing presence of adsorbed materials could 
be observed at the edges of the latter specimen where this 
layer had cracked and partially disbonded from the underlying 
metal upon drying (Plate 56, figure 3).
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PLATE 56
SEM of fouling upon organic pretreated stainless steel
surfaces after 14 days immersion.
Figure 1 : A prostrate, Myrionemoid algal growth upon 
the 6.9mgC/l pretreated surface. (Bar = 40/pm)
Figure 2 : A Myr i o n e m a -like algal growth upon the 
13.8 mgC/1 organic pretreated surface.
(Bar = 10pm)
Figure 3 : An area of the 13.8 mgC/1 organic pretreated 
• surface where the adsorbed organic layer 
(ADL) had partially disbonded from the metal 
surface (MS). (Micrograph taken at 1 0 K V ) . 
(Bar = 5pm)
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After five weeks- macrofouling was evident upon all 
surfaces in the form of low numbers of the hydroid Tubularia 
i n d i v i s a . The length and thickness of the "stalks" of these 
organisms was visibly greater upon the surfaces pretreated 
with 6.9 and 13.8 mgC/1 organic material.
Fouling upon the control specimen was typified by the 
presence of a small, very fragile, Navicula S p . (N .incerta 
Grun. ?) that collapsed upon drying (Plate 57, figure 1). 
Small groups of Cocconeis scutellum Ehrenb. were also 
occasionally seen (Plate 57, figure 2) as were low numbers of 
solitary attached Odontella aurita (Lyngb.) Ag. (Plate 57, 
f i g u r e 3 ).
The surface of the 1.4 mgC/1 organic pretreated surface 
appeared as in Figure 4, Plate 57. The rosettes of Synedra 
fasciculata (Ag.) Kutz. were generally disributed over the 
specimens examined in the manner shown in this figure 
(although an area of more densely packed frustules, covering 
several hundred urn2 was noted upon one specimen examined.). 
The smaller, less numerous, Amphora Sp. (A^ exigua Greg. ?) 
was evenly distributed amongst the Synedra fasciculata 
rossettes. The characteristic rossetes of Synedra fasciculata 
were indicative of considerable surface growth by this 
diatom. The surface that had been pretreated with 6.9 mgC/1 
organics had aquired extensive growths of prostrate 
Myrionemoid algae (Plate 58, figure 1) which were 
interspersed by equally large areas upon which high densties
6.3.2.3 Fouling at 35 d a y s :
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PLATE 57
SEM of fouling upon organic pretreated and untreated
stainless steel surfaces after 35 days immersion.
Figure 1 : Navicula incerta (D) frustules (collapsed 
upon drying) on the untreated surface. 
(Bar = 4 0,11m)
Figure 2 : Cocconeis scutellum (CO) and Navi cula 
incerta (D) upon the untreated surface.
(Bar = 20/um)
Figure 3 : A ’Specimen of Odontella aurita (B) attached 
to the untreated surface by an adhesive 
stalk (S).(Bar = 20/iim)
Figure 4 : Growths of Synedra fasciculata (SY) 
interspersed with Amphora Sp. (A . e xigu a? ) 
(AM) upon the 1.4 mgC/1 pretreated surface. 
(Bar = lOO^m)
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PLATE 58
SEM Of 
surfac
Figure
Figure
Figure
fouling upon the 6.9mgC/l organically pretreated
after 35 days immersion.
1 : Prostrate Myrionemoid algal growth.
(Bar = 4 0 ^ m )
2 : Cocconeis scutellum (CO) and Amphora Spp.
(A. venetta (AM) and A ^  e x i g u a ? ) .
(Bar = 100 ^im)
3 : A cyanobacteria-like colony and surrounding
Cocconeis scutellum and Amphora Spp.
(AM) . (Bar = 4 0 ^jm)
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of Amphora Spp. (A^ exigua ? and A ^  veneta Kutz. ), together 
with lower numbers of Cocconeis s c u t e l l u m , were found (Plate
58, figure 2). Particulate fouling was present throughout 
these areas possibly bound to the diatom mucilage that was 
also present. Bacteria were not in evidence, although 
colonies of cyanobacteria-like organisms were present in very 
low numbers (Plate 58, figure 3). ■
Fouling upon the surface that had been pretreated with 
13.8mgC/l organics was very similar to that observed upon the 
surfaces- 'that had recieved the 6.9mgC/l pretreatment (Plate
59, figures 1 and 2), although greater densities of Cocconeis 
scutellum were apparent, equalling those of Amphora Spp. in 
some areas (Plate 59, figure 3).
The occurrence of diatoms upon pretreated and unpretreated 
surfaces after 35 days immersion is summarised in Figure 6.8.
TABLE 6 . 8 : Occurrence of diatoms upon organic pretreated and 
untreated stainless steel surfaces.
DIATOMS PRESENT
SURFACE PRETREATMENT 
(mgC/1 ULTRAFILTRATION CONCENTRATE D) 
0 1.4 6.9 13.8
Navicula Sp. * _ _ _
Odontella aurita * _ _ _
Cocconeis scutellum * _ * "k
Synedra fasciculata _ * _
Amphora S p ( p ). _ * * . *
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PLATE 59
SEM of 
after
Figure
Figure
Figure
fouling upon the 13.8 mgC/1 treated surface
35 days .
1 : Edge of an extensive Myrionemoid algal
growth and associated Cocconeis scutellum
and Amphora Sp. (A). (Bar = 4 0 ^ m )
2 : An area free of filamentous algae that had
been colonized almost entirely by Cocconeis 
scutellum and Amphora Spp. (A). A solitary 
Synedra Sp. is arrowed. (Bar = l O O ^ m )
3 : Cocconeis scutellum (CO) and Amphora Spp.(A)
,imprints (I) left by detached Cocconeis
Sp. are also evident. (Bar = 40 ^ irn)
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Mutual exclusion amongst diatom species was observed upon 
the differently pretreated surfaces; mutual exclusion was 
noted between Cocconeis scutellum and Synedra f a s c i c u l a t a ; 
between Navicula Sp. and Amphora Spp.; between Odontella 
aurita and Amphora S p p . ; between Odontella aurita and Synedra 
fa s c i c u l a t a ; and between Navicula Sp. and Synedra 
fa s c i c u l a t a .
The Myri on ema-like algal growths were restricted to the 
surfaces pretreated with the highest concentrations of 
ultrafiltration concentrated organic material. Algae occurred 
upon 6.9 and 13.8mgC/l pretreated surfaces before any diatom 
species thus it is possible that colonization by the latter 
was influenced by these algae.
6.3.3 Observations on the fouling of natural and artificially 
produced organic films on stainless steel.
6.3.3.1 Surface analysis of unpretreated surfaces.
During the first day of immersion the relative atomic 
percentage of nitrogen upon unpretreated surfaces (treatment 
A) had risen considerably (see Tables 6.9 and 6.10), and the 
atomic percentage of carbon had also increased, although the 
atomic percentage of oxygen had decreased. These changes are 
what would be expected for surface coverage by adsorbed 
marine organic material (see results section 6.3.1). The 
increases in the relative atomic percentages of carbon and 
nitrogen were much less during the second day of immersion
391 -
Table 6.9 : Relative a t o m i c .percentages of carbon, oxygen and 
nitrogen upon untreated and organic pretreated 
surfaces from 0 (preimmersion) to 320 minutes 
im m e r s i o n .
TREATMENT DAYS ATOMIC PERCENT
IMMERSION C O N
A 0 53.17 45.94 0. 89
5 57.49 41. 58 0.93
(Deionised water) 10 61. 45 ' 37.62 0. 93
0 mgC/1 20 61. 69 37. 34 0.97
320 61. 09 33.59 5. 32
B 0 65.17 24.19 10.64
5 62. 41 30.52 7.07
Seawater 10 62.47 27. 57 9.96
0.5 mgC/1 20 58. 75 33.11 8.13
320 63.35 29.99 9.66
C 0 67.51 22. 99 9.50
5 61. 52 28.56 9. 92
Concentrated 10 58.54 30. 76 10.70
organic matter 20 56.33 34.42 9. 25
12 mgC/1 320 63.36 26. 54 10.10
D 0 55.74 23. 55 20.61
5 61. 66 29.18 9. 16
Concentrated 10 53. 54 38.98 7.83
organic matter 20 - - -
120 mg/1 320 55 . 85 34.51 9.64
and there was also a smaller reduction in the relative atomic 
percentage of oxygen compared to the first day of immersion.
The elemental composition of the adsorbed materials changed 
little at times beyond 2 days (table 6.10 and figure 6.2), 
although after 13 days relative atomic percentage values for 
carbon, oxygen and nitrogen became more erratic - probably as 
a result of the greater density of fouling organisms (a 
fouling film had become visible at these times) influencing 
the results of the surface analysis.
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TABLE 6 . 1 0 : Relative atomic percentages of carbon, oxygen 
and nitrogen upon pretreated and unpretreated 
stainless steel after 0* to 18 days immersion.
TREATMENT DAYS RELATIVE ATOMIC PERCENT
IMMERSION C 0 N
A 0* 53.17 45.94 0. 89
1 62.80 28.60 8 . 60
2 64. 52 24.23 11. 25
3 65. 67 23.85 10.47
4 64. 78 23 . 79 11.43
5 65. 60 23. 79 10.61
7 65.48 23.71 10. 81
13 69.41 20. 91 9.68
18 64. 32 25.10 10.68
B§ 0 65.17 25.10 10. 64
1 64. 37 25.17 10. 46
2 63.54 24 . 90 11.56
3 66.17 22 . 98 10.86
C 0 67. 51 22.99 9. 50
1 65. 72 24.42 10.86
2 63.98 23.10 12. 92
3 65.29 23.65 11.07
4 65. 01 23.68 11. 31
5 64. 80 24.29 10.91
7 64. 56 24.64 11. 07
13 64. 29 24. 80 10.91
18 64.15 24.26 11. 59
D 0 55. 74 23 . 65 20. 61
1 65. 41 23.51 11.08
2 65. 20 24 . 03 10. 78
3 65.75 23.59 10.67
4 65.10 23.90 11.01
5 64 .81 23.95 11.24
7 64. 80 23.91 11.29
13 64. 89 23. 67 11.44
18 64.13 24 .53 11.34
* = Preimmersion value.
§ = Panel lost, therefore no data for 4 days and beyond. ’
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Figure 6 . 2 : Widescan XPS spectra of unpretreated surfaces 
after 1, 4, 7, and 13 days immersion.
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6.3.3.2 Surface analysis of organic pretreated surfaces.
Some desorption of preadsorbed materials appeared to have 
occurred from all pretreated samples, and apparent 
replacement by naturally adsorbing organic materials was also 
indicated. Early relative atomic percentage values show 
firstly a reduction for carbon and/or nitrogen (with an 
increase in the relative atomic percentage of oxygen) that is 
then followed by increases in the relative atomic percentages 
of carbon and nitrogen and a reduction for that of oxygen 
(see Tables 6.9 and 6.10). This loss and replacement of 
adsorbed materials is also displayed by initial and later 
spectra that show a temporary appearance of iron and chromium 
photopeaks, as well as reductions followed by increases in 
the sizes of carbon and nitrogen Is photopeaks (see Figures
6.3 to 6.8). On surfaces that appeared to have suffered
partial desorption of preadsorbed materials, development of 
adsorbed "layers" by naturally adsorbing materials seemed to 
have occurred within the first day of immersion since 
subsequent relative atomic percentage values (Table 6.10) and 
spectra (Figures 6.6 to 6.8) showed little variation from one 
day results. Curve fitting of the carbon Is photopeak
(Figure 6.9) for all organic pretreated surfaces (treatments 
B, C and D) and for one day immersed pretreatment B and the 
untreated surface (treatment A) show a general similarity in 
that each carbon Is peak is composed of three component peaks 
corresponding to constituent groupings C-H (BE = 284.8-285),
C-0 (BE = 286.6-286.8) and C=0 (BE = 289.0-289.2) (Sherwood, 
1983). The proportions of these substituent groups upon
Figure 6 . 3 : Widescan XPS spectra of treatment B surfaces 
after 5, 10 and 20 minutes immersion. Note the 
increase in size of iron and chromium photopeaks 
and decrease in those of carbon and nitrogen 
after 10 minutes immersion.
BECEV1 XI
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Figure 6.4: Widescan XPS spectra showing a progressive 
loss of some preadsorbed material during the 
first 20 minutes of immersion of treatment C 
s u r f a c e s .
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Figure 6 . 5 ; Widescan XPS spectra of treatment D surfaces 
showing loss (5 to 10 minutes) and gain (10 to 
20 minutes) of adsorbed organic material.
BECEVD XI
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Figure 6 . 6 : Widescan spectra of treatment C surfaces after 0,
1, 7 and 13 days immersion. '
BECEV1
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Figure 6.7: Widescan XPS spectra of treatment D surfaces 
after 0, 1, 7 and 13 days immersion.
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Figure 6 . 8 : Widescan XPS spectra of treatment B surfaces
prior to immersion and after 3 days.
treatment B samples before immersion and after one days 
immersion were very similar (CH/CO ratio of 0.61 and 0.63 
respectively). The composition of the carbon Is signal from 
materials that had adsorbed to untreated (treatment A) 
surfaces (after one days immersion) was similar (CH/CO =0.67) 
to those of preimmersion treatment B and D surfaces (both of
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Curve fitting of carbon 
Is photopeaks showing 
the proportions due to 
C-H, C-0 and C=0 signal.
Figure 6 . 9 :
A = 1 day exposed 
treatment A 
s u r f a c e .
B = Preimmersion 
treatment B 
s u r f a c e .
C = 1 day exposed 
treatment B 
s u r f a c e .
D = Preimmersion 
treatment C 
s u r f a c e .
E = Preimmersion 
treatment D 
s u r f a c e .
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of these having CH/CO ratios = 0.61). The curve fit for the 
carbon Is signal from the preimmersion treatment C showed 
this to consist of a greater percentage of C-H group signal 
(CH/CO = 0.88) compared to the carbon Is spectra from all the
other surfaces tested; the C=0 signal was also slightly lower
for the preimmersion treatment C surface compared to all 
other surfaces for which curve fitting was performed.
6.3.3.3 Development of biological fouling.
6.3.3.3.1 Bacterial attachment. • ■
Bacteria were the first organisms to attach to all 
surfaces irrespective of treatment. Bacterial numbers were 
low upon the surfaces of all treatments after all
exposure periods studied. Mean and variance statistics 
calculated directly from the raw count data are given in
table 6.11 . For treatment A surfaces immersed from 5
minutes to 4 days, mean values were roughly equal to 
respective (same time interval) variance values indicating 
that count data approximated a random (Poisson) distribution 
for these immersion times. At times beyond 4 days bacterial 
surface growth appeared to have contributed more to increases 
in their numbers than attachment (see later) and this appears 
to be reflected in the apparent loss of randomness in count 
data. Random dis tributions for count data were also indicated 
for treatment B surfaces (from 5 to 640 minutes), treatment C 
surfaces (from 5 minutes to 3 days) and for treatment D
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surfaces (at all time intervals to 7 days).
Table 6 . 1 1 : Mean bacteria per field with variances, 
calculated from raw data (150 fields) for counts 
from surfaces of all treatments after all 
immersion periods.
IMMERSION TREATMENT TREATMENT TREATMENT TREATMENT
TIME A B C D
MEAN VAR. MEAN VAR. MEAN VAR. MEAN VAR
0 mins.. 0.000 0.000 0.000 0.000 0.000 0.000 0. 000 0.000
5 0. 047 0. 045 0. 093 0 . 085 0. 020 0. 020 0.013 0.013
10 0.060 0.056 0.107 0.095 0.007 0. 006 0. 013 0. 013
20 0.107 0.095 0. 093 0.111 0.027 0. 026 0.007 0. 006
40 0.093 0.085 0.080 0. 074 0.047 0.044 0. 020 0.019
80 0. 147 0. 125 0.147 0.152 0. 033 0. 032 0. 013 0.013
160 0.120 0.106 0.107 0.109 0.033 0.032 0.027 0.026
320 0. 113 0. 114 0.207 0.204 0.060 0. 056 0. 033 0.032
640 0. 227 0. 255 0.740 0. 726 0.080 0.087 0.060 0.056
1 days 0. 207 0. 257 2.533 2.954 • 0.107 0. 095 0. 073 0.068
2 0.293 0. 341 2.607 3.585 0.113 0.100 0.040 0.038
3 0. 233 0. 259 2.893 4 . 802 0.173 0. 170 0.113 0.114
4 0. 273 0.332 - - 0.167 0. 259 0.087 0.146
5 0. 573 1.151 - - 0. 353 1. 028 0.127 0.150
7 1.247 2. 292 _ _ 0.420 0.484 0.133 0.142
Values of chi-squared between significantly different time 
interval data within treatments are given in table 6.12. 
These values indicate that although large numbers of fields
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were counted the differences between the closest time 
intervals were so small as to be insignificant (at the 5% 
l e v e l ) .
Table 6 . 1 2 : Values of chi-squared for significantly different 
time intervals within treatments.
TREATMENT INTERVAL DATA 
COMPARED §1 
TIME1 TIME2 §2
CHI-SQUARED
VALUE
SIGNIFICANTLY 
DIFFERENT AT 
P<LEVEL%
A Omins 5mins 16. 66 (1)* 0.1
5mins 320mins 6. 20 (1) 2.5
320mins 640mins 4.92 (1) 5
640mins 5days 4 . 36 (1) 5
5days 7days 26. 35 (1) 0.1
B Omins 5mins 9.26 (1) 0.5
5mins 320mins 6 . 02 (1) 2.5
320mins 640mins 39.56 (1) 0.1
640mins lday 51. 05 (1) 0.1
lday 3days 14.89 (2) 0.1
C Omins 5mins 4.50 (1) 5
5mins 320mins 4.17 (1) 5
320mins 3days 6. 85 (1) 1
3days 7days 11. 47 (1) 0.1
D 5mins 640mins 5. 94 (1) 2.5
640mins 7days 3.93 (1) 5
* Degrees of freedom in brackets;
§1 Null hypothesis: Timel and time2 data are the same.
§2 Time 2 data is the first time interval data after time 1 
that is significantly different from the data for time 1.
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There was no significant difference between initial 
bacterial attachment (after 5 minutes) to clean and organic 
pretreated surfaces, although between organic pretreatments 
(treatments B, C, and D) initial attachment was significantly 
greater to treatment B surfaces compared to that on either 
treatment C or D surfaces (see table 6.13).
Table 6.13: Values of chi-squared (degrees of freedom = 1)
between treatments. For treatments that are 
significantly different, the significance level, 
P, is given in b r a c k e t s .(Null hypothesis = trea- 
-tment data is the same for each time interval).
TIME
IMMERSED
( TREATMENTS 
TREAT. A &
COMPARED 
T R E A T .
)
B & TREAT.D&
B C D C D C
5mins 3.18 0. 99 2.00 6.39 
(<2.5% )
8.15 
(< 0.5% )
0. 01
320mins 4.31 
( <5% )
1.67 5.28 
(<2.5% )
10.28 
(<0.5%)
5. 77 
(<2.5%)
1.81
640mins 37. 90 
(<0.1%)
8.62 
(<0.5%)
11.18
(<0.1%)
74. 25 
(<0.1%)
79.63
(<0.1%)
12.13
(<0.1%)
Iday 164.96 
(<0.1%)
1.95 5.54 
(<2 . 5%)
192.09
(<0.1%)
208.36
(<0.1%)
0. 71
3day 115.33 
(<0.1%)
1.27 4.56 
( <5% )
136.09 
(<0.1% )
153.28 
(<0.1%)
0.85
5day - 7.21
(<1%)
33.46
(<0.1%)
- - 1. 38
7day - 23. 68 
(<0.1%)
70. 89 
(<0.1%)
- - 14.95 
(<0.1% )
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At 320 minutes and at subsequent times bacterial numbers 
upon treatment B surfaces were significantly greater than 
those upon unpretreated (treatment A), treatment C and 
treatment D surfaces. Numbers of bacteria upon treatment D 
surfaces were significantly less than those upon treatment A 
surfaces at times beyond 320 minutes (see table 6.13).
Data expressing surface bacterial populations as numbers 
per m m 2 is given in table 6.14 .
Table 6 . 1 4 : Bacterial fouling of organic pretreated and 
clean stainless steel in seawater. (Transformed 
time interval data that was significantly 
different (within treatment ) for at least a 
proportion of the treatments (see table 6.12).).
PERIOD OP MEAN NUMBER OF BACTERIA PER m m 2
IMMERSION SURFACE
TREATMENT A TREATMENT B TREATMENT C TREATMENT D
0 mins 0. 0+0.0* 0.0+0 . 0 0.0+0.0 0.0+0.0
5 mins 6.7+2.4 13.3+3.4 2.9+1.6 1.9 +1. 3
320 MINS 16.2+3.9 29.5+5.3 8.6+ 2 . 7 4.8+2 .1
640 MINS 32.4+5.9 105.7+10.0 11.4+3.4 8.6 + 2. 7
1 DAYS 29.5+5.8 364.8+20.0 15.2+3.6 10.5+3.0
3 DAYS 33.3+6 .0 413.3+25.6 24.8+4.9 16.2+3.9
5 DAYS 81.9+13.4 -§ 50.5 + 11 . 9 18.1+4.6
7 DAYS 178.1+17.7 - 60.0+8.1 19.0+4.4
* = standard error of mean.
§ = panal lost- no subsequent data.
Initially, bacteria were predominantly present as solitary 
rod-shaped cells upon all surfaces regardless of preimmersion
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treatment. After one day's immersion bacteria present upon 
treatment B surfaces in joined "pairs" or small groups of 2-4 
closely associated cells, outnumbered those present as 
solitary cells. Solitary bacteria upon treatment A surfaces 
were not out numbered by bacteria in pairs or groups (Plate 
60, figure 2) until after 7 days immersion, whilst solitary 
forms accounted for virtually all bacteria present (at all 
times) upon pretreatment D surfaces during thr first week of 
immersion. Initially, all bacteria observed upon treatment C 
surfaces were solitary, although pairs as well as small 
groups appeared after 5 and 7 days (Plate 61, figure 4).
Increases in the frequency of bacteria occurring in- groups 
appeared indicative of surface growth, rather than due to 
very localised favourable conditions for attachment, because 
groups usually contained bacteria of similar morphology. 
Substantial multiplication had occurred during the first day 
upon treatment B surfaces and by 5 days immersion, evidence 
of limited bacterial proliferation  was present upon treatment 
C and treatment A surfaces.
Polarly attached, upwardly growing filamentous bacteria 
were observed in low numbers upon the treatment D surface at 
5 days, and by 13 days these bacteria outnumbered other 
bacteria in some areas (Plate 62, figure 1). Similar 
filamentous bacteria were observed upon treatment C surfaces 
in very low numbers at 7 days, and were not seen in larger 
numbers until 46 days, by which time large areas of the 
metal surface had apparently suffered intergranular corrosion 
(Plate 63, figures 1 & 2; Plate 64, figure 3). At this time
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SEM of 
d a y s .
Figure
Figure
Figure
Figure
PLATE 0
fouling upon treatment A surfaces after 4 to 13
1 : Limited surface particulate fouling after 4
days . (Bar = 5 ^ um)
2 : Locality with a relatively high density of
bacteria at 7 days. (Bar = 10 ^ m )
3 : A filamentous bacterium (FB) amongst ag greg­
a t e d  organic materials upon the surface at 
7 days. (Bar = 2 ^jm)
4 : Long filamentous bacteria present across
much of the surface at 13 days.
(LHS Bar = 100 ^ m ;  RHS Bar = 25 ^ am)
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PLATE 61
SEM of fouling upon treatment C surfaces after 4 and 7
d a y s .
Figure 1 : Aggregated organic materials (arrowed) upon 
the surface at 4 days. (Bar = 10 ^am)
Figure 2 : Navicula ramossissima present at 7 days. 
(Bar = 5 ^tm)
Figure 3 : Algal spore (S) attached by an adhesive pad 
(A) observed on the surface at 7 days.
(Bar = 3 ^m)
Figure 4 : Attached bacteria showing signs of division 
at 7 days. (Bar = 2.5 ^m)
411

PLATE 62
SEM of fouling upon treatment D surfaces at 13 and 46
d a y s .
Figure 1 : Filamentous bacteria on the surface at 13 
days. (LHS Bar = 40 pm; RHS Bar = 20 pm)
Figure 2 : Diatoms Cocconeis scutellum (CO), Synedra 
Sp. (SY) and Achnanthes subsalsoides present 
at 46 days. Bacterial filaments (BF) were 
also observed at this time. (Bar = 50 pm)
Figure 3 : A locality where Synedra Sp. was abundant at 
46 days. (Bar = 25 urn)
RHS BAR =  7pm
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PLATE 63
SEM and 
d a y s .
Figure
Figure
Figure
TEM of fouling upon treatment C surfaces at 46
: Budding bacteria (BU) on a granular part (G) 
of the corroded metal surface isolated by a 
surrounding crevice (CR). (Bar = 5 ^im)
: Particulate aggregates (PA), bacterial fila- 
-ments (BF) and a choanoflagelate. (CH) upon 
a corroded part of the surface. (Bar = 10 ^pm)
: TEM showing the diversity of bacteria on the 
corroded surface.(F = Actinomycete filament; 
E = polymeric m a t e r i a l ).Section cut parallel 
to plane of metal surface, approx. 2 urn away 
. (Bar = 8 ^im)
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PLATE 64
SEM of fouling upon treatment C surfaces at 46 days.
Figure 1
Figure 2
Figure 3
: Stalked protozoa upon an uncorroded part of 
the surface. (Bar = 100 ^ m )
: Dense surface growth of Synedra Sp. upon an 
uncorroded area. (Bar = 40 ^am)
: An unidentified organism upon the corroded 
surface (CRS). (LHS Bar = 40 urn; RHS bar = 
10 ^ im)
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other bacteria, including filamentous forms (Plate 63, figure
2) budding, Hyphomicrobi urn-like forms (Plate 63, figure 1) 
and Actinomycetes (Plate 63, figure 3), were generally 
present in greater numbers upon treatment C surfaces.
Filamentous bacteria were first observed upon treatment A 
surfaces after 7 days (Plate 60, figure 3) and were different 
from those upon organic pretreated surface in that they grew 
horizontally across the plane of the surface (rather than out 
from it). By 13 days these bacteria had grown to form very 
long, thin apparently interconnected filaments (Plate 60, 
figure 4). Stalked Caulobact er -like bacteria were observed 
upon the treatment A surface at 7 days, but were not seen at 
all upon organic pretreated surfaces.
6.3.3.3.2 Attachment and growth of diatoms.
Diatom numbers were generally so low upon all surfaces 
during the first 7 days of immersion, that few were counted. 
Consequently, only count data for 13 days and longer are 
significantly different (chi-squared values, calculated from 
presence-absence data (with 1 degree of freedom) for 
microscope fields counted , indicated a significant 
difference at the P < 5% level. between all treatments at 13 
days). All transformed diatom count data is.given in tables 
6.15 to 6.18, whilst a summary of diatom occurrence is given 
in table 6.19.
The rate and extent of diatom colonization was greatest 
upon treatment A surfaces (see table 15), although Navicula
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Spp. (Nk_ ramossissima (Ag.) Cleve. and N_^_ comoides (Ag.) 
Peragallo.) always initiated diatom colonization on all 
surfaces, clean or organically pretreated. These were the 
sole diatoms for varying periods (see tables 6.16 to 6.19) 
before a second diatom species, usually Cocconeis s c u t e l l u m , 
arrived. The latter species appeared either as the sole 
addition to the existing surface diatom population (as on 
treatment A surfaces) or along with other species (treatment 
C and D surfaces).
Table 6 . 1 5 : Total diatoms per m m 2 upon clean (treatment A) 
and organic pretreated (C and D) stainless steel 
after 1 to 25 days immersion.
IMMERSION 
TIME (DAYS) •
DIATOMS 
TREATMENT A
PER m m 2 SURFACE 
TREATMENT C TREATMENT D
1(b) 0.3+0 .3(a) 0 0
3(C) 0.5+0.5 0 0 . 5+0 . 5
5(d) 1.4+1.1 0 0.7 +0 . 7
7(d) 3.6 + 1 . 6 0.7+0.7 0.7 + 0 . 7
13(d) 30.8+6.1 2.2 +1. 2 15.8+3.8
18(e) TMTC 31.8+5.9 63.6+11. 1
25(f) TMTC 29.9+9.6 144.0+17.8
a = Standard error of mean. e = Data from 100 fields,
b = Data from 400 fields. f = Data from 50 fields,
c = Data from 200 fields. TMTC = Too many to count,
d = Data from 150 fields.
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Table 6 . 1 6 : Composition and numbers of diatoms upon clean 
(treatment A) surfaces after 1 to 18 days, 
(calculated from data set used for table 6.15).
TIME DIATOMS PER m m 2 SURFACE
IMMERSED Navicula Cocconeis Amphora Synedra Nitzschia Achnanthes
(DAYS) Spp. Sp. Spp. Sp. Sp. Sp.
1 0.3+0.3* 0 0 0 0 0
3 0.5+0.5 0 0 0 0 0
5 1.4+1.0 0 0 0 0 0
7 2.9+1 . 4 0,.7+0.7 0 0 0 0
13 13.6+3.8 17..2+4.3 0 0 0 0
18 TMTC 133..2+18.1 39.1+7.7 2.5+1.7 1.2+1.2 0
* Sta ndard error of m e a n .
Table 6. 17: Composition and numbers of diatoms per m m 2 upon 
pretreatment C s u r f a c e s .(calculated from the same 
data as for table 6.15).* = standard error mean.
TIME ' 
IMMERSED 
( D A Y S )
Navicula
Spp.
DIATOMS PER m m 2 SURFACE 
Cocconeis Amphora Synedra Nitzschia Achnanthes 
Sp. Spp. Sp. S p . Sp.
1 0 0 0 0 0 0
3 0 0 0 0 0 0
5 0 0 0 0 0 0
7 0.7+0.7* 0 0 0 0 0
13 2.2+1.2 0 0 0 0 0
18 2 3.2+5.4 6.1+2.7 0 0 2.5+1. 7 0
25 12.9+5.8 4.3+3 . 0 0 10.8+5.5 0 0
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Table 6 . 1 8 ; Composition and numbers of diatoms per m m 2 upon 
treatment D surfaces after 1 to 25 days, 
(calculated from same data used for table 6.15)
TIME DIATOMS PER m m 2 SURFACE
IMMERSED Navicula Cocconeis Amphora Synedra Nitzschia Achnanthes
(DAYS) Spp. S p . Spp. S p . Sp. S p .
1 0 0 0 0 0 0
3 0.5+0.5* 0 0 0 0 0
5 0.7 + 0 . 7 0 0 0 0 0
7 0.7+0 . 7 0 0 0 0 0
13 5.0+1. 8 4.3+1. 7 0 3 . 6 + 1.6 0 2.9+1. 7
18 41.6+8.7 18.3+7.2 0 3.7+2 . 7 0 0
25 34.4+7.1 75.2+14.0 0 25.8+7.2 0 8.6 + 4 .1
* Standard error of mean.
Until after 13 days, increases in diatom numbers on treatment 
A surfaces (see Tables 6.15 and 6.16) was mainly due 
attaching Navicula Spp. (as previously seen) and Cocconeis 
scutellum , although growths of tube forming Navicula Spp. 
were evident. By 18 days, colonies of mucilage tube-forming 
Navicula S p p . , particularly N^  comoides often covered several 
hundred square microns of surface. Other diatoms present at 
18 days upon treatment A surfaces included (in order of 
prevalence) Cocconeis scutellum (Plate 65, figure 1), Amphora 
Spp. (A^ coffeaeformi s var purpusilla (Grun) Cleve. and A. 
venetta Kutz.) (Plate 65, figure 2); Navicula Spp. (Plate 
65, figure 3), Synedra S p . and C^ scutellum dominated at 25 
days. Synedra S p . and Achnanthes subsalsoides Hust. occurred 
between 7-13 days on treatment D surfaces, but Navicula Spp.
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PLATE 65
SEM of fouling upon treatment A surfaces at 18 and 25
d a y s .
Figure 1 : Cocconeis scutellum (CO) and Navicula 
comoides present at 18 days. (Bar = 20/im)
Figure 2 : Amphora coffeaeformis var purpusilla (AM) 
beside the larger Amphora venetta amongst 
particulate materials on the surface at 18 
d a y s . (Bar = 10 ^ m )
Figure 3 : Mucilage tubes (T) of Navicula comoides and 
associated Synedra Sp. (SY) present at 25 
days . ( Bar = 50 ^ m )
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were still numerically dominant over all diatoms until 
Cocconeis scutellum became the most numerous species at 25 
days (see Table 6.18). Considering the apparent negative
effects on diatom attachment associated with organically 
pretreated surfaces, it was unusual that Synedra Sp. should 
occur upon the treatment D surface before the unpretreated 
(treatment A) surface. Achnanthes subsalsoides Hust. was
Table 6.19: Diatoms occurring 
untreated stainless
upon organic 
s t e e l .
pretreated and
DIATOM
TIME OF FIRST OCCURRENCE 
(Period as dominant diatom(s) 
TREATMENT A TREATMENT C
(D A Y S )
in brackets)* 
TREATMENT D
Navicula
Spp.
1
(< 1 - < 1 3 )
(< 1 8 o n w a r d s )
7
(<7-< 46)
3
(< 3 - < 2 5 )
Cocconeis
scutellum
7
(<7-<13 )
(< 2 5 o n w a r d s )
18 13
(< 25-> 46)
Amphora
Spp.
18
(<25onwards )
- 46
Synedra
Sp.
18
(< 2 5 o n w a r d s )
25
(< 2 5 - > 4 6 )
13
(> 2 5 - > 4 6 )
Nitzschia Sp. 18 18 -
Achnanthes 46 
subsalsoides
- 13
Licmophora 
abbreviata
4 6- - -
Grammatophora Sp. 46 - -
* given where applicable; <7-<13 means dominance occurred 
between 5-7 days and lasted until between 7-13 days. 
(Sample t i m e s :1-7,13,18,25,46,105,169,288 and 345 days)
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also first observed on treatment D surfaces, at 13 days. 
As on treatment A surfaces the different diatom species 
occurring on treatment D surfaces initially occurred mainly 
in small discrete groups. However, beyond 25 days as 
populations increased these colonies became confluent 
although large areas were still dominated by specific diatom 
varieties including tube-forming Navicula Spp., Cocconeis 
scutellum (Plate 66, figures 1 & 3), Synedra Sp. (Plate 66, 
figure 2) and to a lesser extent Amphora Spp. (A_;_ venetta and 
A . coffeaeformis var purpusilla) and Achnanthes s u b s a l s o i d e s .
Diatoms were relatively infrequent on treatment C 
surfaces at all times (see Table 6.13), but numbers peaked at 
around 18-25 days. Synedra S p . flourishised on some small 
localised and uncorroded areas (Plate 64, figure 2) between 
25-46 days, but no Amphora Sp. were observed upon these 
surfaces at any time.
6.3.3.3.3 Comparison of macrofouling development upon 
untreated and organic pretreated stainless steel.
The occurrence of macrofouling upon each of the three 
surface treatments is summarised in Table 6.20. The initial 
phases of macrofouling upon each of the surface treatments 
started in a similar manner with the attachment of the first 
algal spores (Plate 61, figure 3) occurring within 5-7 days. 
By 13 days however, algal germlings had only developed upon 
treatment A surfaces. In subsequent weeks, when filamentous 
green, red and brown (Plate 67, figures 2 & 3) algal growths
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PLATE 66
Fouling upon treatment D surfaces after 46 days.
Figure 1
Figure 2
Figure 3
: Varieties of Cocconeis scutellum.
(LV = lower v a l v e ;R = raphe) (Bar = 25 ^m)
: TEM of Synedra S p . in transverse section 
showing various stages of division (1-5). 
Section cut in plane with metal surface, 
about 3 urn away. (M = mineral) (Bar = 6 urn)
: TEM of fouling at the very surface of the 
metal (section cut in plane with the metal 
surface) showing two lower, raphe (R) beari- 
-ng, valves of Cocconeis s c u t e l l u m , fil- 
-mentous bacteria (arrowed), other bacteria 
and mineral particulates. (Bar = 12 ^im)
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Table 6 . 2 0 : Macrofouling growths occurring on organically
pretreated and untreated stainless steel
surfaces during immersion in Itchenor Reach.
MACROFOULING
ORGANISMS
TIME OF FIRST OCCURRENCE (DAYS)* 
(PERIOD OF DOMINANCE IN B R A C K E T S )§ 
TREATMENT A TREATMENT C TREATMENT D
Algal spores 5 7 5
Algal germlings 13 0 18
Filamentous algal 
growths
.18
(<18-< 288)
0 25
(< 1 0 5 - < 2 8 8 )
Hydrozoa 46 13, 169, 288 
(< 1 3 - < 1 0 5 )
13, 288 
(< 1 3 - < 1 0 5 )
Amphipod colonies 
(Jassa S p .)
46
(<105-<169)
(<288-345)
169 
(<16 9->169 ) 
(>169-345)
46
(< 1 0 5 - < 1 6 9 ) 
(<288-345)
Poriferans 
(Hymeniacidon 
sanguinea Grant.
0
(1 0 5 - < 1 6 9 )
105 0
Acorn barnacles 0 0 169
* When more than one figure is given these refer to 
separate colonisations.
§ Only given where applicable; <18-<288 for example means 
that the organism(s) became dominant between 13-18 days 
and remained so until between 169-288 days. (sample times 
were at : 1-7, 13, 18, 25, 46, 105, 169, 288 and 345
d a y s . ) .
dominated the fouling upon treatment A surfaces, these were 
totally excluded from treatment C surfaces (see Plate 68, 
figures 1 & 2 and Plate 69, figures 1 & 2). The latter
surface was colonized instead by macrofouling animals, such 
as sessile hydrozoa (13-46 days), Hymeniacidon sanguinea 
(Grant) (at 105 days), the hydroid Tubularia indivisa (at 169
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PLATE 67
TEM of fouling upon treatment A surfaces after 46 days.
Figure 1 : Part of a mucilage tube of Navicula comoides 
(D2) with associated bacteria (arrowed), 
unidentified filaments and an Amphora Sp. 
(Dl). (parallel section 3 yum from surface)
Figures 2 & 3 : Prostrate brown algal growths. (PO =
polyphenol containing vesicles; CW = 
cell wall;C  - c h l o r o p l a s t ;D = diatom ; 
DF = diatom frustule;M = mucilage)
(Fig. 2 Bar = 8 yam; Fig. 3 Bar = 6 yam)
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PLATE 68
Colour pictures of macrofouling upon organically
treated and untreated surfaces after 46 days immersion.
Figure 1 : Fouling upon the untreated surface consisted 
of a variety of red, green and brown 
algae and animal fouling in the form of the 
amphipod Jassa Sp. .
Figure 2 : Hydrozoa upon the treatment C surface.
Figure 3 : Hydrozoa and Jassa S p . upon the treatment D
siir f a c e .
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PLate 69
Colour pictures of fouling upon organically pretreated
and untreated surfaces at 105 days.
Figure 1 : Thick matted Jassa Sp. formations and lush 
growths of algae arizing from it on the 
treatment A surface.
Figure 2 : Hymeniacidon sanguinea upon treatment C 
s u r f a c e s .
Figure 3 : Algae and Jassa Sp. upon treatment D surfa- 
- c e s .
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2
Although sessile hydrozoa dominated the fouling upon 
pretreatment D surfaces between 13-46 days (Plate 68, figure
3), algal germlings and filaments of Enteromorpha Sp. were 
present at 18 and 25 days respectively. As upon treatment A 
surfaces, amphipods (Jassa Sp.) had begun to build upon parts 
of the treatment D surface at 46 days, although the thickness 
and extent of surface coverage by their colonies were 
considerably less at 105 days on treatment D surfaces 
compared to those of treatment A (compare Plate 69, figures 1 
& 3). By 105 days growths of a number of types of filamentous 
algae were present upon treatment D surfaces (Plate 69, 
figure 3) although these were less well developed than algal 
specimens upon treatment A surfaces (Plate 69, figure 1). 
Organically pretreated surfaces (treatments C & D) differed 
from the unpretreated (treatment A) surface at 169 days in 
that uninhabited amphipod formations had remained upon them. 
The appearance of red-spotted hydrozoa arizing only from the 
amphipod colonial formations on pretreated surfaces at 288 
days was another possible indication of the lasting 
alteration in fouling properties conferred upon stainless 
steel surfaces by organic pretreatment. Treatment D surfaces 
were the only surfaces to have aquired growths of acorn 
barnacles during this study. .
From the above observations it is clear that the 
development of macrofouling as observed upon the unmodified 
surface was altered by the surface pretreatments.
days) and Jassa Sp. (169, 288 and 345 days).
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6.3.4 Bacterial fouling of elastomer surfaces.
After both 1 and 2 weeks immersion, bacterial numbers 
upon all of the elastomer surfaces were extremely low. In 
fact, so few bacteria were counted that differences .between 
surfaces appeared to be little or no more than the error in 
data for determining numbers on a single surface.
Although it must be noted that the data was not 
statistically valid, vulcanization of butadiene, natural, 
"Neoprene" and nitrile rubbers appeared to slightly increase 
susceptibility to bacterial fouling during the first week of 
immersion, whilst organic pretreatment of vulcanised and 
unvulcanised natural, "Neoprene", and butadiene surfaces 
appeared to have the reverse effect.
6.3.5 Laboratory adhesion experiments with Vibrio strain 114.
Details of the viability of bacteria within each of the
suspensions used in attachment assays is given in table 6.21.
The number of viable cells in all suspensions was in the
6  7range of 10 to 10 per millilitre.
. Densities of bacteria attached to clean and organically 
pretreated stainless steel, as determined for differently 
grown cells in each attachment assay, are given table 6.22 .
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Table 6 . 2 1 : Viability of stationary phase strain 114 cells 
grown in different concentrations of organic 
fractions 1-5 ( for suspensions of similar cell 
density as used in attachment assays).
ORGANIC EST. ORGANIC VIABLE CELLS PER ml
FRACTION CARBON C O N C n . ( m g C / 1 ) OF ADJUSTED SUSPENSION
1 0.43 7.1 X
6
10
1,000- 0. 99 7.4 X 106
10,000 7
M O l .W t . 1. 55 1.1 X 10
2.15 9.9 X 106
2 0. 81 5. 3 X io6
10,000- 1.86 6.1 X 106
50,000
106-M o l .W t . 2. 92 6.1 X
4 . 05 5 . 8 X 10®
3 2. 20 9.1 X 106
50,000- 5. 06 8.6 X io6
100,000 A
M o l .w t . 7. 92 7.8 X 10
11. 00 6 . 0 X io6
4 1.04 9.8 X io6
100,000- 2. 39 9.2 X 610
300,000 6M o l .w t . 3. 74 8.8 X 10
5. 20 8.2 X io6
5 1.29 9.8 X 106
>300,000 2. 97 ' 1.0 X io7
M o l .w t . 64. 64 9.9 X 10
6 . 45 1.3 X 710
NO ORGANIC 7
ADDITION (CONTROL) 1.2 X 10
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Table 6 . 2 2 : Effect of growth medium upon the attachment 
of Vibrio Sp. strain 114 to organically 
. treated and clean stainless steel.
EST. CONCn. MEAN NUMBER OF BACTERIA PER m m 2 PREFERENCE
ORGANICS IN
MEDIUM mgC/1 UNTREATED (A) PRETREATED §1(B) RATIO B/A
NONE 2 88.6(+ 22.1)§ 2 42.9(+7.1) 0.15
FRACTION 1*
(0.43) 650.0(+27.7) 532.9(+2 6. 6) 0. 82
(0.99) 720.0(+35.7) 607.1(+26.9) 0. 84
(1.55) 555.7(+25.4) 6 00. 0(+28.0) 1.08
(2.15) 521.4(+27.4) 442.9(+24.7) . 0. 85
FRACTION 2
(0.81) 271.4(+30.7) 441.4(+24.7) 1.63
(1.85) 204.3(+20.5) 491 . 4( +22.7) 2.41
(2.92) 300.0(+21.6) 5 1 5 . 7(+24.2) 1.72
(4.05) 2 47.1 (_+21. 9 ) 475.7(+20.1) 1.92
FRACTION 3 -
(2.20) 230.0(+21.9) 38 1 . 4(+24. 0) 1.66
(5.06) 192.9(+21.9) 247. 1(+18 .4) 1.28
(7.92) 161.4(+17.0) 37 2 . 9(+20.7) 2.31
(11.00) 147.1(+19.6) 30 4 . 3(+20.9) 2.07
FRACTION 4
(1.04) 1 1 8 8 . 6(+33.4) 530 . 0(+30.0) 0.45
(2.39) 562.9(+25.6) 570 . 0(+30.3) 1.01
(3.74) 100.0(+12.0) 788 . 6(+32.0) 7.89
(5.20) 137.1(+15.0 ) 375.7( +23.2) 2 .74
FRACTION 5
(1.29) 865.7(+35.0 ) 437.1(+23.3) 0. 50
(2.97) 838. 6(+26.0 ) 424 . 3( +2 2.6) 0.50
(4.64) 180.0(+18.7) 335.7(+ 18.9) 1.87
(6.46) 100.0(+11.3) 198.6(+14.1) 1.99
* Fraction (concentration in mgC/1):
Fraction 1 = l-10k mol.wt.
Fraction 2 = 10-50k mol.wt.
Fraction 3 = 50-100k mol.wt.
Fraction 4 = 100-300k mol.wt.
Fraction 5 = > 300k mol.wt.
§1 Treated with 6.45 mgC/1 fraction 5.
§2 Standard error of mean.
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6.3.5.1 Attachment of differently grown bacterial cells to 
clean stainless steel surfaces.
Cells grown in the presence of macromolecular marine 
organics, whatever combin ation of concentration and molecular 
weight fraction, all attached to clean surfaces in numbers 
that were significantly different (P < 0.001; Chi-squared
values calculated from raw count data) from those for cells 
grown in the absence of these materials (see table 6.22).
For cells grown in the presence of the same molecular 
weight fraction of marine organic material, except those 
grown in the presence of fraction 3, densities of attached 
cells were significantly different (P < 0.05) between
successive concentrations.
Direct statistical' comparisons of attachment by cells 
grown in the presence of different organic fractions were not 
possible because equivalent concentrations of different
fractions were not incorporated into growth media. However
since a range of concentrations of each fraction were
employed, some general comparisons can be made.
Growth in the presence of fraction 1 organics produced 
cells that attached in relatively high numbers to clean 
stainless steel (see table 6.22). Conversely, cells grown in 
the presence of fractions 2 or 3 attached in relatively low 
n u m b e r s .
The degree of attachment by cells grown in the presence of 
fractions 4 or 5 varied greatly with the concentration of 
marine organic matter added to the growth medium: Growth in
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the presence of the lowest and highest concentrations 
produced cells t h a t •attached in greatest and least numbers 
respectively to clean stainless steel compared to any of the 
other cells used in these attachment assays.
6.3.5.2 Attachment of differently grown bacterial cells to 
organically treated stainless steel surfaces.
Cells grown in the presence of macromolecular marine 
organic matter, whatever the combination of concentration and 
molecular weight fraction, all attached to pretreated 
surfaces in significantly greater (chi-squared test; P<0.001) 
cell densities than cells grown in the total absence of these 
organic materials (see table 6.22).
For cells grown in the presence of the same molecular 
weight fraction (for all individual fractions, except 
fraction 2), densities of attached cells were significantly 
different (PC0.05) between successive concentrations.
Comparisons between the degree of attachment by cells 
grown in the presence of different molecular weight fractions 
indicated that:
(i) Cells grown in the presence of fraction 3 
organics or the highest concentrations of fractions 
4 or 5 attached to pretreated surfaces in the 
lowest cell densities of any cells grown in the 
presence of marine organics.
(ii) Cells grown in the presence of fraction 1 or the
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lowest and intermediate concentrations of fraction 
3 organics attached in the greatest cell densities 
observed upon organically pretreated stainless 
steel..
Differences between the degree of attachment by cells 
grown in the presence of different molecular weight fractions 
were in all cases very much less than differences between 
cells grown in the presence and cells grown in the absence of 
macromolecular marine organic matter.
6.3.5.3 Comparisons between the attachment of similarly 
grown bacterial cells to organically pretreated and 
clean stainless steel surfaces.
Values of chi-squared for comparisons between the 
attachment of similarly grown cells to organically treated 
and clean stainless steel surfaces are given in table 6.23 .
For cells grown in the absence of macromolecular marine 
organics, attachment was significantly greater (PC0.001) to 
clean surfaces compared to those pretreated with 6.45 mgC/1 
fraction 5 organics.
For cells grown in the the presence of different 
concentrations of fractions 1 to 5 comparisons showed that:
(i) Attachment to pretreated surfaces was 
significantly greater than that to clean surfaces 
if cells were grown in the presence of fractions 2 
or 3 (all concentrations), or grown in the
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Table 6 . 2 3 : Values of chi-squared for comparisons between
.........  the attachment of similarly grown bacteria to
clean and organically pretreated stainless steel.
EST. CONCn. 
ORGANICS IN 
MEDIUM mgc/l
CHI-SQUARED VALUE FOR 
COMPARISON BETWEEN ATTACHMENT 
TO PRETREATED & CLEAN SURFACES
SIGNIFICANTLY 
DIFFERENT AT 
P < (LEVEL)
NONE 144.38 (2)* 0.001
§ FRACTION 1:
0. 43 14. 83 (2) 0.001
0.99 9.95 (2) 0.01
1.55 3. 29 (2) NSD
2.15 8.70 (2) 0.025
FRACTION 2:
0. 81 60. 71 (3) 0.001
1.86 117.39 (2) 0. 001
2.92 68.12 (2) 0.001
4.05 82. 63 (2) 0.001 .
FRACTION 3:
2.20 45. 64 (2) 0.001
5 . 06 16.54 (2) 0. 001
7.92 96. 46 (2) 0.001
11. 00 66.50 (2) 0.001
FRACTION 4:
1.04 228.59 (3) 0.001
2.39 5.32 (3) NSD
3.74 354.00 (2) 0. 001
5.20 103.06 (2) 0.001
FRACTION 5:
1.29 46. 62 (2) 0.001
2.97 172.90 (3) 0.001
4.64 60. 92 (2) 0.001
6.45 52.88 (2) 0. 001
* Degrees of freedom in brackets.
§ Macromolecular marine organic fraction:
1 = 1 -  10K M o l .w t .
2 = 10-50K Mol.wt.
3 = 50-100K Mol.wt.
4 = 100-300K Mol.wt.
5 = >300K Mol.wt.
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presence of the two highest concentrations of frac- 
-tions 4 or 5 tested.
(ii) Attachment to clean surfaces was significantly
greater than that to unpretreated surfaces if cells 
were grown in the presence of fraction 1 (except 
the 1.6mgC/l concentration) or in the presence of 
the lowest concentrations of fractions 4 or 5 
t e s t e d .
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6.4 DISCUSSION
The observations of section 6.3.1 show that _in vivo 
molecular fouling and bacterial fouling of stainless steel 
are concurrent processes that are initiated within minutes 
upon immersion. A rough correlation between the amount of 
naturally adsorbed nitrogen containing organic matter and 
reductions in bacterial attachment was indicated after 1 to 2 
hours. This suggested that the attachment of endemic bacteria 
may be inhibited by the presence of adsorbed organic 
material derived from the same seawater. The rate of in
vivo bacterial attachment to clean stainless steel surfaces 
observed during another experiment (see section 6.3.2) 
appeared to have been suppressed much earlier than in the 
above experiment. These studies were not performed at the 
same site or time, and the observed bacterial attachment 
rates may reflect both the nature of adsorbed materials and 
the adsorbtion rate, as well as the overall adhesive 
preferences of the prevalent bacterial populations. 
Different species of marine bacteria are known to have 
different preferences for attachment substrata (Sechler and 
Gunderson, 1973; Fletcher and Loeb, 1979; Carson and Allsopp, 
1981; Loeb et a_l. , 19 83),and thus it is not an unreasonable
suggestion that the bacterial species composition of seawater 
will have a major influence upon the outcome of i_n vivo 
attachment experiments.
This kind of variability in natural populations 
complicates the study of i_n vivo fouling processes, and where
445
detailed comparisons of the fouling of different surfaces is 
to be attempted it is essential that the immersion conditions 
are identical.
The latter statement above applies equally well to 
studies of organic pretreated surfaces, and comparisons of 
alteration of the fouling process due to differently treated 
surfaces is only possible within each of the experiments 
outlined in sections 6.3.2 and 6.3.3 . In these experiments, 
where preadsorbed organic "films" were produced upon 
stainless steel surfaces in the presence of different 
concentrations of macromolecular marine organic material, 
variations in the nature and development of fouling upon the 
differently pretreated surfaces was observed. Recurrent 
observations were those pertaining to differences in the 
occurrence of particular organisms upon organic pretreated 
surfaces compared to unpretreated (control) surfaces after 
identical immersion periods and conditions of immersion.
These findings suggest that macromolecular marine
organic materials adsorbed to surfaces prior to immersion 
can impart new fouling characteristics.
Inhibitory effects were associated with the presence of 
preadsorbed organic materials, and varying degrees of 
inhibition of attachment, with or without retardation of 
subsequent surface associated growth, was noted for 
bacterial, diatom, filamentous algal and animal colonizers. 
The extent and nature of inhibitory effects appeared to be 
related to the amount of macromolecular organic material 
adsorbed per unit area of metal surface, since this would
446
have been controlled by the solution concentration of organic 
materials to which the metal coupons were exposed for 
organic pretreatment prior to immersion i_n v i v o . However, 
the ultrafiltration concentrates used contained mixtures of 
dissolved macromolecular organic materials, and it is 
possible that the the inhibitory material does n.ot constitute 
the entire adsorbate but some subfraction of it that became a 
greater or lesser proportion of the total adsorbate when 
different organic concentrations were used for pretreatment.
Laboratory adhesion experiments (Chamberlain and Van 
Woerkom, 1986) have shown that the solution concentration of 
XAD-2 extracted seawater organic materials, used for 
pretreatment of stainless steel surfaces, can be positively 
correlated with reductions in bacterial and diatom
attachment. Similar effects could not always be demonstrated 
in m a r e , because in situations where the attachment or growth 
of a particular organism is partially inhibited by an 
adsorbed "film" produced at a particular organic
concentration, greater inhibition (resulting from adsorbed 
"films" produced in more concentrated solutions) were not 
always detectable due to surface domination by other 
organisms. These latter organisms may be relatively
uncompetitive species whose adhesion . and or growth was not 
directly affected by preadsorbed organic material or 
alternatively, they could be those whose growth or attachment 
is directly stimulated by presence of preadsorbed material.
Mutual exclusion between different species of diatoms
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(ie:- Cocconeis scutellum and Synedra f a s c i c u l a t a ) was
observed (see table 6.8, section 6.3.2.3). The occurrence of 
diatoms upon surface pretreatments in Section 6.3.2 suggested 
that inhibitory effects due to both preadsorbed organic
material and interspecific competition were operative. R e ­
emergence of favourable conditions for specific groups of 
organisms upon pretreated surfaces that were initially
inhibitory, could have resulted from further alteration of 
the surface by "facilitating" species that were able to
attach and grow under the prevailing conditions at earlier 
times (The possible influence of algal growths upon diatom 
colonization of organic pretreated surfaces in
Section 6.3.2 might be explained in this manner).
Replacement or coverage of preadsorbed material by naturally 
adsorbing materials may have had similar effects.
Alterations of the early development of microfouling 
communities (see section 6.3.3) by surface organic 
pretreatment may have been largely responsible for variations 
in the observed fouling sequences upon the differently 
treated surfaces. Primary films are thought to play an 
important role in substrate selection by the larvae of 
macrofouling animals (Miller et cLL. , 1947; Crisp and Ryland, 
1960; Meadows and Williams, 1963; Horbund and Freiberger, 
1970; Mihm et a_l. , 1981; Kirchman and Mitchell, 1983) and are 
also thought to be of importance in the attachment (Thomas 
and Allsopp, 1 9 8 3 )and development (Huang and Boney, 1984) of 
algal colonizers. The direct effects of adsorbed organics 
upon macrofouling development are less well known, although
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studies by Mihm et al_. (1981) hav.e suggested that, unlike 
bacterial films, these have no obvious effect upon bryyozoan 
s e t t l e m e n t .
Surface treatment with polyaminocarboxylic acids have been 
reported to inhibit the development of algal fouling upon 
polyester surfaces for periods up to 3 months (Ohata e_t a l . , 
1986). Macromolecular marine organic (humic) materials such 
as were used for the surface treatments in the present study 
contain numerous carboxyl and amino groups, and these also 
resulted in the general inhibition of algal fouling.
Initial alterations in the early colonization by
mac rofouling species may have facilitated the propagation of
initial surface dissimilarities that led to different fouling 
successions upon clean and organically treated surfaces.
Although in studies of the influence of early animal 
macrofouling colonists upon subsequent colonization by other 
animal species, Dean and Hurd (1980) have found inhibitory 
interactions to be much more prevalent than facilitative 
o n e s .
In this study, organisms which occurred only upon surfaces 
pretreated with macromolecular organic material, or whose 
surface colonization was favoured due to other factors in the 
presence of these adsorbed materials, included Synedra 
f a s c i c u l a t a , Amphora S p p . , Cocconeis scutellum and 
Ectoca rpu s-1ike algae (section 6.3.2), and Synedra Sp., 
Achnanthes s u b s a l s o i d e s , Hymeniacidon s a n g u i n e a , various 
species of hydrozoa and some filamentous bacteria (section
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6 . 3 . 3 . 3 ) .
Organisms which did not occur upon pretreated surfaces, or 
whose surface colonization was impaired on surfaces carrying 
preadsorbed materials, included a Navicula S p . , Odontella 
a u r i t a , (section 6.3.2), and tube-forming Navicula S p p . , 
Cocconeis s c u t e l l u m , Amphora Spp. and filamentous algae 
(sections 6.3.3.3.2 and 6.3.3.3.3).
The initial attachment of Navicula Spp., Cocconeis Sp. and 
Amphora Spp. to pretreated surfaces (section 6.3.3.3.2) was 
delayed compared to that upon unpretreated surfaces, and 
initial retardation of growth was also apparent. Inhibition 
of filamentous algae upon pretreated surfaces (section
6.3.3.3.3) might have occurred as a result of germination 
inhibition rather than reduced spore attachment since spores 
were observed upon all surfaces; although whether the 
inhibition occurred as a direct effect of preadsorbed 
material or as a result of an indirect effect ie:- creation 
of an inhibitory surface environment by other colonists such 
as bacteria or hydrozoa is not clear. Inhibition of algae and 
diatoms was greatest upon surfaces pretreated with the least 
concentrated solution of ultrafiltration isolated materials 
(treatment C, 12mgC/l pretreatment, sections 6.3.3.3.2 and
6.3.3.3.3). This may have ultimately been due to differences 
in the surface composition of preadsorbed films produced in 
solutions of different concentration (ie:- 12mgC/l or 
120mgC/l). Analysis of the carbon Is peak obtained by X-ray 
photoelectron spectroscopy did reveal a difference between 
the preadsorbed organic materials resulting from the above
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two treatments; the CH/CO ratio of preadsorbed materials from 
a 120mgC/l solution was 0.61 where as that for preadsorbed 
materials from 12mgC/l solution was 0.88 (also different from 
the latter value were CH/CO ratios for a preadsorbed film 
produced in seawater (0.61) and that of a one day _in vivo 
formed film (0.67)). Since XPS surface analysis only examines 
the upper 1-2 nm of the surface it is possible that these 
observed compositions result from differences in the 
orientations of parts of adsorbed molecules due to altered 
surface conformation. Contact angles upon stainless steel 
surfaces after pretreatment with 1, 10, and 100mg/l of
chloroform emulsion extracted organics showed a change from 
125° to 133°, 134° and 136° respectively (Chamberlain and Van 
Woerkom, unpublished data), indicating surface wettability 
changes due surface pretreatment. The latter possibly as a 
result of re-orientation of hydrophilic and hydrophobic 
moities of adsorbed material due to the density of molecules 
at the surface. Desorbtion effects may also have
contributed to observed differences in the fouling of 
surfaces subjected to 12 mgC/1 and 120 mgC/1 pretreatments, 
especially since the organic "loading" upon the 120 mgC/1 
appears to have been too high for all of the material to 
remain upon the surfa.ce under j_n vivo conditions.
In this study, observations of the processes of natural 
organic adsorption and bacterial adhesion upon freshly 
immersed stainless steel surfaces indicate that both of these 
processes are initiated within minutes of immersion and
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subsequently proceed together for many hours. As appreciable 
amounts of nitrogen containing organic matter accumulate upon 
the surface, bacterial adhesion appears to be inhibited.
The increasing levels of inhibition of _in vivo bacterial 
adhesion due to surface pretreatment with more concentrated 
organic matter, suggests that inhibition may be related to 
the proportion of the steel surface covered by macromolecular 
adsorbed organic material. Electron microscopic evidence 
(Section 6.3.2.1) has suggested that preadsorbed "films" may 
be patchy, and it might thus be reasonable to assume that 
naturally adsorbed "films" are discontinous or of variable 
thickness. Discontinuity in naturally forming films might 
allow for bacterial adhesion to proceed at a faster rate upon 
areas of the surface devoid of adsorbed materials, possibly 
contributing to the heterogeneous distribution of subsequent 
f o u l i n g .
Marshall et_ al. (1971) have observed two stages in marine 
bacterial adhesion : an initial "reversible" stage during
which bacteria are held close to (negatively charged) 
surfaces and yet at a finite separation allowing brownian 
motion, followed by an "irreversible" stage when bacteria are 
bound to the surfaces. In an attempt to explain "reversible" 
adhesion the latter authors have considered bacteria as large 
colloidal particles and tried to explain their interaction 
with surfaces using the DLVO (colloid stability) theory 
proposed by Derjagiun and Landau (1941) and Verwey and 
Overbeek (1948). In employing this theory to calculate the 
potential energy of interaction at different substratum
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sur fac e-bacterium distances, Marshall et_ aJL. (1971) found 
that although repulsive forces predominate at all double 
layer thicknesses, a secondary attraction minimum  occurs at 
higher electrolyte concentrations (such as that of seawater). 
They suggested (without further proof) that bacteria are held 
at the secondary attraction minimu m prior to overcoming short 
range electrostatic repulsive forces and becoming 
irreversibly attached due to polymer bridging involving 
synthesised exopolymer.
Studies of the irreversible adhesion tendancies of a 
marine Vibrio S p . (Section 6.3.5) have shown that it attaches 
in greater numbers to clean stainless steel surfaces compared 
to those that had been pretreated with macromolecular 
(>300,000 molecular weight) organic material. However, if 
this bacterium was grown in the presence of marine organic 
macromolecules (various molecular weight fractions between 
1,000 and >300,000 were separately incorporated into growth 
media) the apparent "preference" for clean versus pretreated 
surfaces could be reduced, nullified or reversed. These 
effects were dependant upon the concentration and molecular 
weight range of the macromolecular organic material added to 
the growth medium. Why growth in the presence of 
macromolecular marine organic materials improves the 
attachment of this bacterium to pretreated surfaces is 
unclear. It may be that physiological adaptation to the 
presence of these materials renders this motile organism 
less liable to negative chemotaxis (should this occur with 
cells grown in the absence of added organic macromolecules)
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in response to encountering possibly similar, adsorption 
concentrated, materials at the stainless steel surface. This 
marine Vibrio Sp. was however, able to utilize macromolecular 
marine organic materials (See chapter 7), and thus it is 
possible that cellular physiological changes, required for
(or resulting from) utilization of these materials, were
responsible for alteration of adhesive tendancies. Different 
nutrient conditions and growth rates can cause ph ysi co­
chemical alteration of the surfaces of freshwater gram 
negative bacteria, influencing their attachment (McEldowney 
and Fletcher, 1986). Studies of the attachment of a marine 
Pseudomonad (Marshall et_ al_. , 1971) have found this to be
dependant on the amount of available carbon source. At 
glucose concentrations of 7mg/l attachment was favoured , at 
intermediate concentrations it was reduced, whilst at high 
concentrations (30 and 70 mg/1) attachment was completely 
inhibited. Brown et_ al_. ( 1977) have shown that fresh water 
bacteria grown under nitrogen limitation produced copious 
extracellular polymer yet had less tendancy to attach to 
aluminium than those grown under carbon limitation that had
produced much less polymer. It would thus appear that the
c a r b o n :nitrogen ratio of nutrient materials can have an 
influence upon both the amount and type of adhesive polymers 
produced - a factor that may have been important in the above 
experiments with isolated nitrogen containing marine organic 
m a t e r i a l .
It is well established that naturally adsorbing marine 
organic materials impart a net negative charge to marine
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immersed surfaces (Loeb and Neihof, 1975). Marine bacterial 
surfaces also generally carry a net negative charge and 
whilst it may be possible that electrostatic repulsion could 
prevent interaction between bacterial surfaces and those of 
marine immersed substrata this is probably not the case since 
both surfaces will almost invariably carry a mosaic of
positive and negative charges that could interact.
Alterations in surface wettability provide a more
plausible explanation of the observed influences of adsorbed 
organic macromolecules upon marine bacterial adhesion. 
Bacterial adhesion to many surfaces involves the production
of extracellular polymers which are mainly composed of acidic 
polysaccharides that impart a hydrophilic nature to the cell 
surface (Corpe, 1970; Sutherland, 1977; Dudman, 1977; 
Marshall, 1986). The degree of interaction between 
clean, hydrophilic stainless steel surfaces and bacterial
surfaces could be expected to be altered if the 
wettability of either surface is altered by adsorbed 
organic macromolecules. Thus organic "coating" of bacterial 
surfaces may have promoted the changes in adhesive tendences 
observed for diffe rently grown Vibrio Sp. strain 114 cells 
(see section 6.3.5). For a fixed concentration of marine 
organic materials in the growth medium, the number of 
molecules would have been inversely proportional to the 
molecular weight of the material present . Thus media 
containing fraction 1 materials (1,000-10,000 Mol.wt.) 
contained considerably ■ greater numbers of molecules .than 
those containing similar organic carbon concentrations of
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fractions 2-5. The binding and orientation of these materials 
on bacterial surfaces may have been influenced by their 
densities upon bacterial surfaces and may have altered the 
wettability of the latter. For all cells carrying 
macromolecular marine organics, steric and polymer-bridging 
effects attributable to the latter materials may have 
enhanced adhesion to pretreated surfaces.
The observed influences of growth conditions and surface- 
adsorbed organic matter upon bacterial attachment in this 
study suggest that these are important factors determining 
bacterial attachment preference, but further study is 
required in order to elucidate the mechanisms by which this 
o c c u r s .
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STUDIES OF THE EFFECTS OF MARINE ORGANIC 
MA CROMOLECULAR MATERI ALS UPON MARINE BACTERIAL GROWTH
CHAPTER 7
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7.1 Introduction
Early studies have shown that the storage of seawater
3(which normally contains about 10 bacteria per ml) in closed 
containers without nutrient addition results in increases in 
bacterial numbers to approximately 1 0 8 bacteria per ml
(Waksmann and Carey, 1935; Zobell and Anderson, 1936), it
was also noted that these increases were accompanied by a 
reduction in bacterial species diversity (Zobell and Feltham, 
1934). Zobell and Anderson (1936) have investigated the
multiplication of bacteria in different volumes (10 to
10,000ml) of particulate free seawater retained in 5/6th full 
closed containers of identical shape but proportional
dimensions and different capacities. At times after the first 
two days (during which no appreciable differences in
bacterial densities were observed) it was found that as the
container size/seawater volume was reduced the degree of 
bacterial multiplication within increased, and that whilst 
bacterial populations declined in the larger containers, 
logarithmic phase growth continued in the smaller containers. 
Since the surface area to volume ratio of smaller containers 
is greater than that of larger containers and because the 
volume effects were no longer observed if 10 - 100mg/l of
nutrient was added, it was suggested that the presence of
surface is beneficial to bacterial multiplication in dilute 
nutrient solutions, since it may concentrate nutrients by
adsorption. Confirmation of this has been achieved in similar 
studies using low concentrations of adsorbing and non­
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adsorbing nutrients (Zobell and Grant, 1943; Zobell, 1943), 
and similar " s u r f a c e .effects" have been observed with inert 
colloidal material (Zobell, 1937).
Zobell and Grant (1942, 1943) have shown that marine
bacteria are capable of growth at a concentration of 0.1mg/l 
of readily utilisable nutrient, and have suggested that 
considerably lower concentrations may provide for bacterial 
multiplication. Bacterial multiplication was also suggested 
to be directly proportional to nutrient concentration when 
the latter is below 10mg/l.
The level of organic matter in seawater in terms of total 
organic carbon (carbon constitutes approximately 40-50% of 
most natural organic matter) varies in the range 0.5- 
-3.0mgC/l, of which 0.5-2.0mgC/l is classified as dissolved 
(passes through a 0.45jum filter), 0.001-1. 5mgC/l is 
particulate (does not pass through a 0.45)im filter) and 0.01- 
-0.1mgC/l is accounted for by volatile organic matter 
(Mackinnon, 1981). Only about 10% of seawater dissolved 
organic matter (DOM) has been characterised and this 
consists of mainly simple molecules such as individual free 
amino acids ( <l-20;jg/l) , simple sugars (<50pg/l), fatty 
acids, lipids, phenolic compounds, aromatics, carboxylic 
acids and "biologically active" substances (Williams, 1975). 
The remaining 90% of DOM is composed largely of 
uncharacterised macromolecular materials (Duursma, 1965; 
Williams, 1975). The uncharacterised fraction will include 
humic substances of several hundred to several hundred 
thousand molecular weight (Rashid, 1985). Harvey et_ a l .
459
(1983) isolated marine humic substances by XAD-2 resin 
extraction of coastal seawater from the Gulf of Mexico; 
concentrations of total marine humic substances ranged from 
664-1396/ig/l of which 9.9-20.7% was marine humic acid, the 
balance being marine fulvic acid. Edwards (1982) has found 
concentrations of humic substances in Chichester Harbour 
water (using a similar concentration technique) to lie in the 
range 0. 49 -0 .9 6 m g / l , with 3.7-50.4% of this composed of humic 
acid. Harvey e_t a_l. ( 1985) consider marine humic substances 
to be of regular and consistent structure, with consistent 
properties in all marine environments.
Edwards (1982) has suggested that the major components of 
adsorbed conditioning films formed upon solid surfaces in the 
sea are high molecular weight materials, predominantly humic 
acids with a small amount of fulvic acid and lipid. This 
suggestion was supported by adsorption studies and the 
similarity of infrared spectra of adsorbed components from 
seawater and seawater extracts containing high molecular 
weight organic materials.
The relatively high degree of microbial activity upon 
marine immersed surfaces would seem to indicate that whatever 
the nature of the natural conditioning film, it is probably 
beneficial for the attachment and/or growth of some 
organisms. No study to date has specifically set out to 
examine the possibility that dissolved (or adsorbed) marine 
humic materials could be utilized as nutrients by 
heterotrophic bacteria. Although a major proportion of 
seawater dissolved organic matter does appear to be
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Bada and Lee, 1977), and humic materials have been considered 
to be amongst the refractory constituents (Skopintsev, 1959). 
Barber (1968) has found approximately 50% of surface water 
dissolved organic matter of greater than 500 molecular weight 
to be broken down by bacteria after one month at 20°C in 
darkness, although similar material from deep waters (>50M 
depth) was not attacked. Skopintsev (1966) has suggested that 
molecules remaining after exposure to heterotrophs at the 
surface may be largely refractory, and the discovery that
materials >100,000 molecular weight constitute 40-50% of 
deep water dissolved organic matter (Maurer, 1971,1976; 
Ogura, 1974) and assuming they were not formed at depth this 
appears to indicate that these very high molecular weight
materials may have been resistant to microbial degradation in 
the productive overlying waters. The data of Harvey et_ a l . 
(1983) suggest that compared to surface waters (4-20m) the 
proportion of dissolved organic carbon attributable to humic 
materials is reduced by 75% in deeper waters (55m), 
indicating the possib ili ty that the major part of the 
refractory component of deepwater DOM is not necessarily true 
humic or fulvic acids.
The studies of Ogura (1975) on the bacterial
decomposition of DOM in Tokyo Bay seawater kept at 20°C in 
darkness, have shown about 50% of the DOM to be recalcitrant. 
Labile, low molecular weight materials were thought to have 
been utilised during the first few days when the rate of 
decompostion was relatively rapid. The rate of decomposition
refractory to bacterial decomposition (Ogura, 1975, 1976;
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was then markedly reduced during a second phase of
decomposition during which higher molecular weight, less 
readily utilised materials were thought to have been
attacked. On the assumption that first order kinetics were 
operative, rate constants were for the first and second
phases of decomposition were calculated as 0. 01-0.09/day and 
0.001-0. 009/day respectively. It was also noted that the 
proportion of high molecular weight materials increased as 
"second phase" decomposition progressed over 10 months.
Edwards (1982) noted that seawater DOM is a polydisperse 
mixture of molecules ranging from low to high molecular 
weight, and has found that in the presence of limited surface 
area it is the high molecular weight materials which
preferentially adsorb to surfaces, since these compete more 
effectively than lower molecular weight materials for the 
limited number of surface binding sites. Khailov and Finenko 
(1970) quoted Traube's law and have suggested that high 
molecular weight materials exhibit high surface activity and 
are adsorbed to a greater extent than low molecular weight 
material in accordance with this law. Edwards (1982) has 
further demonstrated the effect of polydispersity by showing 
that when the surface area is increased within a constant 
volume of polydisperse solution, the amount of organic matter 
adsorbed per unit area decreases due to reduction in 
competition for surface binding sites resulting in adsorbtion 
of both high and low molecular weight materials. The latter 
observation might explain the beneficial effects upon 
bacterial multiplication of increases in surface area due to
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volume reductions noted by Zobell and co-workers, and the 
observations of the present study (see chapter 6) that high 
molecular weight components may influence the i_n vivo 
development of fouling when adsorbed at unnaturally high 
levels to surfaces.
The objectives of the studies within this chapter are :
i) To ascertain whether concentrated mixtures of natural 
high molecular weight marine organic materials can be 
■ utilised by marine bacteria as a complete food source 
in liquid medium. . '
ii) To examine the effects of different concentrations of 
high molecular weight organic mixtures upon bacterial 
growth on acetate with ( and in some cases without) an 
added amino acid nitrogen source, 
iii) To study the effects of different concentrations of 
each of the various molecular weight subfractions of 
ultrafiltration concentrated material in (i) and (ii) 
a b o v e .
(iv) To assess whether surface adsorbed high molecular 
weight materials are capable of supporting bacterial 
■ growth.
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7.2.1 Reduced volume artificial seawater medium (RVASW).
The artificial seawater (ASW) formulation of Kester et_ a l .
(1967) (see table 7.1) was made up in a reduced volume of
(organic-free) "Milli-Q" water (as required to account for
later additions but not less than about 70% of final volume
after additions). The following salts, MgCl2 .6H2 0, CaCl2 .2H20
and S r C l . .6H 0, were added as concentrated solutions to a 4 2
stirred solution containing the remaining salts in a fully 
dissolved form. The resultant solution was then distributed 
into 250ml conical (side arm) flasks. The solution volume was 
adjusted so that the final fluid volume including fixed 
volume additions to be made after autoclaving would be 50ml. 
The flasks were sealed with foam bungs and covered with 
"Kraft" paper (taped up with autoclave tape). All flasks were 
autoclaved for 15 minutes at 115°C. Acid cleaned glassware 
(see chapter 2, section 2.5 ) was used throughout the above 
p r o c e d u r e s .
7.2.2 Post autoclaving additions to reduced volume 
artificial seawater media (RVASW).
The following concentrated solutions were aseptically 
introduced into autoclaved acid-cleaned flasks containing 
RVASW as required:
(I) 20% (w/v) acetate in "Milli-Q" water ( 0 . 2 /im filter
sterilized) to give a final concentration of 0.1% 
(w/v) (or 0.2% (w/v) for experiments using
7.2 Materials and methods. ■
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(II) 0.05% (w/v) casamino acids (Difco) in "Milli-Q" water 
(0.2 ^ m  filter sterilized) to give a final 
concentration of 0.001% (w/v) or 0.002% (w/v).
(Ill) Neat organic extract (the concentrated materials were 
checked for sterility prior to use - all 
ultrafiltration concentrates were sterile) or 0.2pm 
filter sterilized "Milli-Q" water, or the former 
diluted by the latter (for variable organic 
c o n c e n t r a t i o n s ).
subfrationated ultrafiltration concentrates).
TABLE 7 . 1 : Composition of ASW prepared according to
formulation of Kester et al.(1967).
IONIC SPECIES CONCENTRATION (g/Kg "Milli-Q" water)
Cl- 19.353
N a + 10.765
SO 32 ' 2. 711
Mg2+ 1.295
Ca2+ 0.414
K+ 0.387
HCOg 0.142
Br“ 0. 066
Sr2+ 0. 008
h 3 bc^ 0. 026
F - 0.001
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isolated from marine fouling upon stainless steel (see
chapter 4). They included strains 110 and 60 ( identified as 
Vibrio splendidus I and II respectively), strains 61 and 26 
(Phenon 2; Pseudomonads ), and strain 114 (a vibrio Sp. 
s t r a i n ).
All strains used for inocula were grown in 250ml conical 
flasks (with side arm) containing 50ml ASW medium with 0.1% 
(w/v) acetate and 0.001% casaminoacids (Difco). Each culture 
was grown at 20°C under a 12-12! light cycle, and the flasks 
were retained on a rotary shaker (Lh fermentation MK.V
orbital shaker) running at approximately 130 rpm.
Growth was monitored by n e p h e l o m e t r y , and early 
stationary phase cultures (70-140 hours depending upon
strain; see figures 7.1 to 7.5) were used as inocula.
Figure 7 . 1 ; Growth curves for strain 26: (a) Optical density 
versus time.(b) Log viable cells/ml versus time.
7.2.3 I n o c u l a .
All of the bacterial strains used in these studies were
a b
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Figure 7 . 2 : Growth curves for strain 60: (a) Optical density
versus time.(b) Log viable cells/ml versus time.
Figure 7 . 3 : Growth curves for strain 61: (a) Optical density 
versus time.(b) Log viable cells/ml versus time.
Figure 7 . 4 : Growth curves for strain 110: (a) Optical density
versus time.(b) Log viable cells/ml versus time.
Figure 7 . 5 : Growth curves for strain 114: (a) Optical density 
versus time.(b) Log viable cells/ml versus time.
a b
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7.2.4 Assessment of bacterial g r o w t h .
Cell density was monitored using a nephelometer (Unigalvo 
EEL nephelometer, Evans electroselenium Ltd, Halstead, Essex, 
U.K.). After allowing the instrument to "warm-up" for 15 
minutes, the zero was set using unmodified sterile ASW. The 
sensitivity was always set to its maximum level (after the 
specified "warm-up" period this gave a consistent reading for 
a Macfarland nephelometer standard tube). Care was taken to 
keep the side arms of the flasks clean and to exclude 
extraneous light from reaching the detector measuring 
scattered light. Cells from logarithmically growing cultures 
(growth medium was ASW containing 0.1% acetate + 0.001%
ca s a m i n o a c i d s ) were tested for "wall growth" prior to these 
studies, and were found not to adhere to glass coverslips 
under the conditions imposed.
7.2.5 Experiments to assess the effect of marine organic 
materials upon the growth of marine b a c t e r i a .
Artificial seawater media (with additions as required) 
were prepared as described in preceding sections. Details of 
the various test and control flasks that were set up in 
triplicate are given in tables 7.2 (for unfractionated 
organic additions) and 7.3 (for fractionated organic 
a d d i t i o n s ).
All of the 250ml nephelometer flasks contained 50ml of 
medium to which 0.1ml of the appropriate (early stationary 
phase) inoculum was added. All flasks were retained in a 20°C
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incubator (with a 12-12 hour light cycle) on a rotary shaker 
running at 130 rpm. Increases in cell densities were 
monitored using a nephelometer (see preceding section).
TABLE 7.2 : Media in which bacterial growth was determined in 
order to assess the nutritive value of organic 
e x t r a c t s .
GROWTH MEDIUM
GROWTH
26
OF BACTERIAL STRAIN EXAMINED 
60 61 110 114
(1) ASW ALONE * * * * *
(2) ASW + 0.1% 
(W/V) ACETATE 
+ 0.001% (w/v) 
CASAMINO ACIDS
■k * * * *
(3) AS FOR (2) + 
ORGANICS
1.16§1 
2. 32 
3.48 
4 . 64 
6 . 95 
8.12 
9.28
3 . 96§2 
7. 92 
11. 88 
15. 84 
21. 78
3 . 96§2 
7. 92 
11. 88 
15. 84 
21. 78
0 . 15S1 
0. 29 
0. 87
1 . 45
2 . 03 
2. 61
'1.16S1 
2 . 32 
3.48 
4. 64 
6.95 
8. 12 
9.28
(4) AS W  + organics§3 9 . 57§ 1 8 . 91§2 8. 91§2 2.91 § 1 9 . 57 § 1
(5) ASW + 0.1% 
(w/v) acetate 
+ organics §4
ND 8.91 § 2 8 . 91§2 ND ND
* = indicates test performed.
ND = Not determined.
§1 = Concentration (mg carbon/1) of unfractionated organic 
extract H (April 1985) in medium.
§2 = Concentration (mg carbon/1) of unfrationated organic 
extract I (May 19850 in medium.
§3 = Organic extract = sole source of organic carbon and 
nitrogen. .
§4 = Medium as for (3) but without casamino acids (organic 
extract = sole source of organic nitrogen).
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TABLE 7 . 3 : Additional media including those incorporating 
fractioned organic extract materials in which 
growth was. determined for strains 61 and 114.
GROWTH MEDIUM
GROWTH OF BACTERIAL STRAIN EXAMINED 
61 114
(1) ASW alone * *
(2) ASW + 2%
acetate + * *
0. 002%
casaminoacids
(3) ASW +
unfractionated 11.54S1 11.5451
organic extract
(4) As for ( 2 ) +
organic extract
f r a c t i o n :
1 (1-10K mol w t ) 0.4352,1.43,4.09 0.4352,0.99,1.55,2.15
2 (10-50K mol w t ) 0.81,3.24,7.70 0.81,1.86,2.92,4.05
3 (50-100K mol wt) 2.20,8.80,20.90 2.20,5.06,7.92,11.00
4 (100-300K mol w t ) 1.04,4.16,8.23 1.04,2.39,3.74,5.20
5 (>300k mol w t ) 1.29,5.16,12.26 1.29,2.97,4.64,6.45
(5) ASW + organic
extract (§3)
fraction:
1 (1-lOK mol wt) 2.5852 2.5852
2 (10-50K mol w t ) 4. 86 4.86
3 (50-100K mol wt) 13. 20 13.20
4 (100-300K mol w t ) 6.24 6.24
5 (>300k mol w t ) 7. 74 7.74
* = indicates test performed.
§1 = Concentration (mg carbon/1) of unfractionated organic
extract I (May, 1985) in medium.
§2 = Concentration (mg carbon/1) of fractionated organic
extract I (May, 1985) in medium.
§3 = Fraction specified acting as sole source of organic
nitrogen as well as the sole carbon and energy source.
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7.2.6 Experiment to assess whether bacterial strain 114 can
utilize adsorbed organic m a t e r i a l s .
To allow for adsorption, 10ml of the extract under study 
was placed in a sterile 250ml side arm conical flask and put 
on a shaker at 40rpm for 48 hours. After removal of the 
extract the flasks were rinsed five times, each time with 
50ml of sterile "Milli-Q" water, then 25ml of sterile ASW was 
added, and the flask was inoculated with 0.1ml of an early 
stationary phase culture of strain 114. Control flasks with 
10ml sterile "Mill-Q" water instead of extract were also 
prepared. Three triplicate sets of flasks were produced, one 
set for an extract containing high molecular weight materials 
of >300,000 molecular weight (Neat extract contained 64.5 
mgC/1) and another for an extract containing materials of
100,000-300,000 molecular weight (Neat extract contained 52.0 
mgC/1), a set of controls using "Milli-Q" water instead of 
organic extract were used. Bacterial growth was assessed by 
n e p h e l o m e t r y .
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7.3.1 Growth experiments with unfractionated organic material 
of greater than 1,000 molecular weight.
7.3.1.1 Bacterial strain 1 1 4 . (see figure 7.6)
In the medium containing acetate and c a s a m i n o a c i d s , all 
macromolecular marine "organics" additions (concentration 
range 1.16-9.28 mgC/1) had positive growth effects resulting 
in greater cell
7 .3 RESULTS
Figure 7.6: Growth of strain 114 in the presence of
~ ~ unfractionated ultrafiltration concentrate H
m a t e r i a l .(unless otherwise stated: all curves are
for flasks containing acetate and casaminoacids;
concentrations refer to carbon due to marine
"organics"; control = no marine "organics" added)
4 =  l,.1 S n G / L  
V = 2.32)16 4.
+ =  3 .4 8 fiG / L  
x = i. 61116/1 
o = 6 .9 5 H 6 / L  
o - 8.1206/1 
o = 9 .2 8 H G / L  
* = 9 .5 7 H G / L  O RGANICS 
AS ONLY N U TR IE N T  
NO SYM30L= CONTROL
t i m e  (h o u r s ; X 1 0 1
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densities and apparently shorter growth lag times compared to 
control flasks. Positive effects increased with concentration 
in the range 1.16-4.64 mgC/1, but these were reduced with 
further increases in concentration of marine "organics" above 
4.64 mgC/1, suggesting that inhibitory effects associated 
with latter material had occurred. .
In ASW medium without acetate and c a s a m i n o a c i d s , strain 
114 was found to be capable of growth upon macromolecular 
marine "organics" (suggesting that these can act as both sole 
carbon and sole nitrogen sources) but cell densities reached 
were much lower than in flasks with comparable 
marine "organics" additions together with acetate and 
casaminoacids. No detectable growth was observed in ASW alone.
7.3.1.2 Bacterial strain 26. (see figure 7.7)
All cultures within media containing acetate and 
casaminoacids with marine "organics" additions displayed 
positive growth effects compared with cultures grown both in 
the absence of the latter or grown solely in their presence. 
Positive growth effects, including faster growth rates and 
greater "yields", increased in the range 1.16-6.95 mgC/1, 
but above this range further increases in marine "organics" 
(up to 9.25 mgC/1) had little further effect. No detectable 
growth occurred in ASW medium alone. With marine "organics" 
concentrations above 3.48 mg/1 a distinct fall-off in cell 
densities was observed. This may have been due to an 
alteration of the adhesive tendancy of the organism during 
stationary phase although "wall growth" was not recorded.
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Figure 7.7: Growth of strain 26 in the presence of 
unfractionated ultrafiltration concentrate H 
m a t e r i a l .(unless otherwise stated: all curves are 
for flasks containing acetate and casaminoacids; 
concentrations refer to carbon ' due to marine 
" o rganics" ;control = no marine "organics" added.)
4 = 1 .I6 M G / L  
v  -  2 .32I1G /L 
+ = 3 .4 8 H G / L  
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7.3.1.3 Bacterial strain 61. (see figure 7.8)
Increasingly beneficial growth effects were noted in the 
range 3.96-11.88 mgc/l for marine "organics" in media
containing acetate and casaminoacids. The marine "organics" 
concentration of 15.84 mgC/1 produced better growth than in 
the control flasks, but cell densities reached were less than 
those noted for a concentration of 11.88 mgC/1 (suggesting 
some inhibitory effect associated with the higher levels of 
macromolecular marine organic material). The highest
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Figure 7.8: Growth of strain 61 in the 
’ unfractionated ultrafiltration 
m a t e r i a l .(unless otherwise stated: 
for flasks containing acetate and 
concentrations refer to carbon
presence of 
concentrate I 
all curves are 
c a s a m i n o a c i d s ; 
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concentration of marine "organics" tested, 21.78 mgC/1, had 
a very marked inhibitory effect upon growth.
Strain 61 did show limited growth in the presence of 8.91 
mgC/1 marine "organics" in A S W  medium without other nutrient 
additions, indicating that this strain can derive necessary 
carbon, nitrogen and energy for growth from these materials. 
Greater growth was noted if 0.1% acetate was also added with 
8.91 mgC/1 marine "organics", but the growth observed was 
still considerably less than that noted for the controls. No 
growth was observed in ASW without marine "organic" or
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nutrient additions. Relatively sudden fall-off in stationary 
phase cell densities in media with the highest concentrations 
of marine "organics" may have resulted from adhesion to the 
culture vessel.
7.3.1.4 Bacterial strain 60. (see figure 7.9)
This organism could not produce detectable growth in the 
sole presence of 8.91 mgC/1 marine "organics" in ASW, 
although measurable growth was observed with 8.91 mgC/1 
marine "organics" plus 0.1% acetate in ASW.
Figure 7.9: Growth of strain 60 in the presence of
unfractionated ultrafiltration concentrate I
m a t e r i a l . (unless otherwise stated: all curves are 
for flasks containing acetate and casaminoacids; 
concentrations refer to carbon due to marine 
" o r g a n i c s c o n t r o l  = no marine "organics" added.)
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Marine "Organic" additions in the range tested (3.96-21.78 
mgC/1) all had negative effects on growth in A S W  containing
0.1% acetate and 0.001% casaminoacids, and the degree of 
growth inhibition increased with marine "organics" 
concentration. No growth was detected in ASW without nutrient 
additions. Sudden reduction in detected cell densities after 
100-120 hours in culture media containing high levels of 
marine "organics" may have been due to a sudden alteration of 
the adhesion properties of this organism.
Figure 7.10: Growth of strain 110 in the presence of 
’ unfractionated ultrafiltration concentrate H 
m a t e r i a l .(all curves are for flasks containing 
acetate and casaminoacids; concentrations refer 
to carbon due to marine "organics" .-control = no 
marine "organics" added.)
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Growth could not be detected in ASW containing solely 
2.90 mgC/1 marine "organics". All marine "organics" 
additions, in the range 0.15-2.61 mgC/1, resulted in greater 
growth compared with the control medium. The positive growth 
effects increased with increasing marine "organics" 
concentration in the range 0.15-0.87 mgC/1, but above
0.87 mgC/1 these effects were reduced with further increases 
in the concentration.
7.3.2 Growth experiments with fractionated organic m a t e r i a l .
7.3.2.1 Strain 61.
(I) Utilization of fractionated material as sole carbon and 
nitrogen source.
Strain 61 was able to produce detectable growth in ASW 
containing each of the fractions studied, either singly or 
all together (see figure 7.11), but measured growth was in 
all cases much less than for the control flasks which 
contained more nutrient (ie:- had 0.2% acetate and 0.002% 
casamino acids). The degree of growth varied slightly from 
fraction to fraction. The 10,000-50,000 molecular weight 
fraction gave greater growth at a lower concentration than 
any of the fractions containing materials greater than 50,000 
molecular weight, whilst 2.58 mgC/1 of the 1,000-10,000 
molecular weight fraction resulted in very nearly as much 
growth as 13.20 mgC/1 of the 50,000-100,000 molecular weight 
fraction.
7.3.1.5 Bacterial strain 110. (see figure 10,previous page)
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Figure 7.11: Growth of strain 61 upon marine "organics"
fractions (carbon concentrations given) in the 
absence of other nutrients. A control curve 
(growth on 0.2% acetate + 0.002% casaminoacids 
without marine "organics") is also included.
a -  >380K i lO L .V T .  
v r  100- 308K flOL .WT 
o  = 5 0 -1 0 3 K  ? 1 0 L .y T . 
«  = 1 0 -5 0 K  n O L .rfT .  
o = 1 -1 0 K  f lO L .V T .
+ = ALL FRACTIONS 
* :  CONTROL 
COflPARISON
0 2 1 S 8 10 12 IT IS 18 20 22
T I M E  ( H O U R S )  X10'
XEhMW2WQ
<UMEhPUO
35; 
30; 
25J 
20 J 
15; 
10j
A = 7 .7 T K G / L
V = G . 2 1 I M .
D == I3 .2 N G / L
0 = T . SGHG/L
0 = 2 .5 8 H G / L
+ = 11 .S it lG / L
* = 0 .0 0 n G / l.
r v — rmr.'r-
~ 1 
■— = 7
(II) Effect of addition of fractionated material upon growth 
in AS W  plus acetate and 0.002% casaminoacids.
The lowest concentrations (up to 1.5-2 mgC/1) of most 
fractions tested (see figures 7.12 to 7.16) tended, at least 
initially, to have the effect of retarding growth slightly, 
although more positve effects became apparent as growth 
tailed off in the control flasks. Intermediate concentrations 
considerably increased the cell densities reached compared to 
control flasks, whilst the higher concentrations of the 
fractions tested (above about 8 mgC/1), either had less
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Figure 7.12: Growth of strain 61 on 0.2% acetate + 0.002%
casaminoacids with 1-10K M.wt marine "organics" 
("organics" levels given as mg carbon/1 ASW).
Figure 7.13: Growth of strain 61 on 0.2% acetate + 0.002%
casaminoacids with 10-50K M.wt marine "organics" 
("organics" levels given as mg carbon/1 ASW).
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Figure 7.14: Growth of strain 61 on 0.2% acetate + 0.002%
casaminoacids with 50-100K M.wt marine "organics"
("organics" levels given as mg carbon/1 A S W ).
Figure 7.15: Growth of strain 61 on 0.2% acetate ■ + 0.002%
casaminoacids with 100-300K M.wt marine "organic-
-s" (organics levels given as mg carbon/1 ASW).
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Figure 7.16: Growth of strain 61 on 0.2% acetate + 0.002%
casaminoacids with >300K M.wt marine "organics" 
("organics" levels given as mg carbon/1 ASW).
beneficial effects (in terms of cell densities reached) than 
intermediate concentrations or definite inhibitory effect 
compared to controls.
With fractions containing materials of 1,000-10,000,
10,000-50,000 and 50,000-100,000 molecular weight, growth 
curves were noted that showed two distinct growth cycles (ie: 
two phases of exponential growth separated by a lag period). 
This kind of curve is typical of diauxic growth that occurs 
when an organism in the presence of two different substrates, 
grows upon the most readily utilizable source of carbon and 
energy first and upon the removal of the latter begins to
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utilise the second substrate. The classic example of diauxy
(Monod, 1949) is the growth of Escherichia coli in the
presence of glucose and lactose in which glucose is used 
initially. In the present study it appears that strain 61 
utilized acetate first in preference to the macromolecular 
marine organic materials. Suggesting, as would be 
anticipated, that the latter materials are less readily
utilizable than the smaller molecule. At times beyond 150-180
hours sudden reductions were detected in cell densities in 
media containing the very high molecular weight fractions 
(100,000-300,000 and >300,000 molecular weight). This 
phenomenon occurred with this organism in media containing 
high levels of unfractionated material and the possible 
changes in adhesive properties mentioned earlier may have 
been due to the presence of these very high molecular weight 
m a t e r i a l s .
7.3.2.2 Strain 114.
(I) Utilization of fractionated material as sole carbon and 
nitrogen source, (see figure 7.17.)
All marine "organic" fractions added singly (or together) to 
ASW were able to support the growth of strain 114. The lower 
molecular weight range fractions (1,000-10,000 and 10,000 to
50,000 M.wt ) resulted in greater maximum cell densities 
than fractions containing higher molecular weight species. 
Marked reductions in cell densities for all cultures growing 
solely on "organics" were observed after 160 hours (this may 
be an adhesion artefact as described earlier).
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Figure 7.17; Growth of strain 114 upon marine "organics" 
fractions (carbon concentrations given) in the 
absence of other nutrients. A control curve 
(growth on 0.2% acetate + 0.002% casaminoacids 
without marine "organics") is also included.
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(II) Effect of addition of fractionated material upon growth 
in ASW + 0.2% acetate and 0.002% casamino acids, (see 
figures 7.18-7 . 22 ) .
All fractions added at all concentrations tested, resulted 
in greater maximum cell densities than in the control flasks 
containing solely acetate and casamino acids in ASW. Maximum 
optical density readings reached with marine "organic" 
additions (irrespective of concentration and fraction) 
generally fell within the range 14-26.
For the lowest molecular weight fractions tested (1,GOO-
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Figure 7.18: Growth of strain 114 on 0.2% acetate + 0.002%
casaminoacids with 1-10K M.wt marine "organics" 
("organics" levels given as mg carbon/1 ASW).
Figure 7.19: Growth of strain 114 on 0.2% acetate h
casaminoacids with 10-50K M.wt marine "organics 
("organics" levels given as mg carbon/1 ASW).
0.002% 
ft
TIME (HOURS)
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Figure 7.20: Growth of strain 114 on 0.2% acetate + 0.002%
casaminoacids with 50-100K M.wt marine "organics" 
("organics" levels given as mg carbon/1 ASW).
Figure 7.21; Growth of strain 114 on 0.2% acetate + 0.002%
casaminoacids with 100-300K M.wt marine "organic- 
-s" (organics levels given as mg carbon/1 ASW) .
TIME (HOURS) XI01
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Fiqure 7.22: Growth of strain 114 on 0.2% acetate + 0.002%
— casaminoacids with >300K M.wt marine "organics" 
("organics" levels given as mg carbon/1 A S W ) .
TIME (HOURS) X101
-10,000 and 10,000-50,000), highest optical densities were 
reached with the lowest concentrations tested (<lmg/l). With 
the highest molecular weight materials (fractions 50,000­
100,000; 100,000-300,000 and >300,000) maximum absorbances
were reached with the intermediate concentrations tested, but 
the concentrations that yielded the greatest absorbance 
readings varied from fraction to fraction. Probable diauxic 
effects (as observed for strain 61) were noted with each of 
the molecular weight fractions tested although the extent of 
these effects were variable with the different fractions and 
their concentration. The shape of some of the growth curves 
produced in the presence of both high (100,000-300,000 and
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>300,000) and low (1,000-10,000 and 10,000-50,000) molecular 
weight fractions, suggests separate utilization of more than 
one component from these fractions.
7.3.3 Utilization of adsorbed materials by s t r a i n ' 114.
No growth was recorded in the control flasks at anytime 
(see figure 7.23), however detectable growth was recorded at 
24 hours for all flasks containing preadsorbed materials. 
Optical density readings continued to increase during the 
course of the experiment, although the degree of growth was 
very low. Growth upon adsorbed components of the 100,000­
300,000 Molecular weight fraction was marginally greater than 
upon adsorbed materials from the >300,000 Molecular weight 
fraction. However proper comparisons cannot be made 
between the two fractions tested due to lack of data 
regarding actual levels of adsorbed materials.
Figure 7.23: Growth of strain 114 on adsorbed marine
7.4 DISCUSSION.
Although differences in the initial inoculum densities, 
organic extracts used and normal (control) growth curves at 
the individual bacterial strains examined make direct 
comparisons difficult, it is apparent that there was some 
variability in the growth responses of different bacteria in 
the presence of high molecular weight marine organic 
material. Whilst the pseudomonads (strains 26 and 61) and a 
Vibrio sp. strain (strain 114) could grow upon unfractionated 
high molecular weight materials when the latter acted as both 
sole carbon and sole nitrogen sources, the Vibrio Splendidus 
biotypes (strain 60 and 110) were unable to grow under these 
conditions. These differences were reflected in the 
concentration of high molecular weight materials that 
elicited stimulatory or inhibitory effects in artificial 
seawater containing acetate and amino acids: the former group 
being stimulated more at given concentrations and inhibitated 
at levels substantially greater than those necessary to 
inhibit the growth of the V. Splendidus biotypes.
These differences, should they occur at surfaces immersed 
in the marine environment, could be important factors 
controlling the growth of attached micro-organisms and 
primary film formation. If we consider . that a major 
proportion of the high molecular weight materials that 
constitute the extracts are humic compounds, then as well as 
assisting bacterial growth, they might also bring about the 
stimulation of phytoplankton metabolism and growth that has
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been observed with the addition of humic substances to algal 
cultures (Prakash and Rashid, 1968, 1973; Rashid, 1985).
There are a number of ways by which humic materials could 
assist and enhance the growth of bacteria:
(i ) By acting as source of utilisable carbon and energy, 
(ii) By providing nitrogen for growth.
(iii) By supplying trace elements required for 
physiological processes.
(iv) By acting as a source of reducing power.
(v) By altering the concentration and distribution of 
utilizable solutes, extracellular degradative enzymes 
and metabolites at interfaces.
(vi) By adhesion enhancement, enabling cells to benefit 
from surface associated nutrients. ■
It has been proposed (Harvey and Boran, 1983) that the carbon 
"skeletons" of marine humic and fulvic acids are composed of 
crosslinked, autooxidised, polyunsaturated fatty acids. 
Harvey and Boran (1985) have considered that microbial 
enzymes should be capable of using the free carboxyl end of 
the marine humic substances as a simple fatty acid. There is 
at present no evidence for this, although other authors 
(Kennicutt and Jeffrey, 1981) have also suggested that fatty 
acid esters may be liberated from marine humic acid by 
microbial activity. These lipid materials are good sources of 
both carbon and energy for bacteria, and Skopintsev et_ a l .
(1984) has estimated the total potential calorific value of 
in vivo marine humic substances to be of the order of 
15 X 10 Real.
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Monomeric organic compounds such as aminoacids, sugars and 
fatty acids have been shown to bind abiologically in seawater 
to marine macromolecular dissolved organic matter (Carlson et 
a l ., 1985), it may be that bacteria have enzymes that have
the capacity to release these monomers for their utilization.
The stimulatory effects of added high molecular weight 
organic materials upon the growth of marine bacteria on 
acetate as a major nutrient source, may partly be as a result
of similar effects to those that have been noted for the
effects of freshwater fulvic acids upon the growth of a 
freshwater bacteria. De Haan (1977) has found the growth of a
freshwater pseudomonad on lactate to be stimulated by the
addition of fulvic acid and suggested this was as a result of 
cometabolism of these materials due to the involvement of 
similar enzymes in the oxidation of both fulvic acid and 
lactate. De Haan (1977) also isolated an Arthrobacter Sp that 
could degrade fulvic acid in the absence of other substrates, 
but was stimulated in this respect by lactate and benzoate.
Similar observations have been reported by Rifai and 
Bertru (1981) who found that benzoate and lactate stimulated 
the degradation of freshwater fulvic acids by species 
of Arthrobacter and P s e u d o m o n a s .
Although these aspects have not been studied in nitrogen 
depleted anaerobic sediments, the implications of these 
findings could be important considering the restricted 
substrate utilization patterns of some types of sulphate 
reducing bacteria that are thought to use only simple organic 
a c i d s .
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In the present study the occurrence of diauxic growth 
patterns in experiments with fractionated organic material 
suggests that at least some components of the extracts are
metabolised separately when present in high enough 
concentration. The absence of diauxy in experiments with 
unfractionated material was probably due to certain 
utilizable component molecules being in insufficient 
concentration to induce biosynthesis of required enzymes even 
in the absence of catabolite repression effects due to the 
presence of acetate. Thus in this instance it is possible 
that cometabolism was responsible for the beneficial growth 
effects observed. The possible stimulatory effect of organic 
extract derived nitrogen has been suggested earlier. Humic 
substances isolated from seawater using XAD-2 resin
extraction methods contain 3-5% nitrogen (Harvey and Boran, 
1985), although standard protein hydrolysis releases no 
(h y d r o l y s a b l e ) amino acids (Bada et: al_. , 1982) and it has
been suggested that these could be bound to the main
structure via carbon-carbon bonds. Humic-like materials 
extracted from surface seawater using SEP-PAK C18 resin have 
been found to contain >50-60% of the total amino acids 
present in surface seawater (Ho et a l ., 1983). SEP-PAK C18
extractable materials from deepwaters contained very little 
or no amino acids and it was suggested by these authors that
the combined amino acids in surface water extracts are
released and consumed iri vivo by organisms.
Unpublished results cited by Dawson and Duursma (1981)
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show that basic amino, acids are present in high molecular 
weight materials obtained by XAD-2 resin extraction, and the 
absence of free dissolved basic amino acids in the euphotic 
zone ( Garrasi et a_l. , 1979) led to the suggestion that their 
incorporation into macromolecular materials is as rapid as in 
vivo microbial utilization. Dissolved free amino acids are 
known to be an important source of carbon and nitrogen for 
marine heterotrophic bacteria (Crawford et a l . , 1974;
Jorgensen, 1982), although Williams (1975) quotes seawater 
concentrations of individual free dissolved amino acids as 
being in the range <1-20 /ig/1 whilst total (free and
combined) dissolved amino acids may be present in levels up 
to lSO^g/l. The work of Degens(1970) indicated that dissolved 
amino acids occur in materials of 400-10,000 molecular weight 
and he suggested that tha low concentration of dissolved free 
amino acids was due to rapid utilization by marine organisms. 
In view of this, the capacity to utilize and/or release 
combined amino acids (especially where these may be 
concentrated, such as at solid-lquid . i n t e r f a c e s ) could be of 
importance to seawater heterotrophic bacteria, in particular 
periphytic forms and those in environments where C:N ratios 
are high (Lancelot and Bilen, 1985).
The high molecular weight materials used in the present 
study contained appreciable nitrogen (as was indicated from
I.R. spectra, XPS spectra and protein determinations), and 
results for all bacterial strains tested (except strain 110) 
suggest that this could be utilized as a sole form of 
nitrogen. The elemental compositions of the extracts were not
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examined in detail, and it is possible that they contained 
trace elements that when in sufficiently low concentrations 
become limiting factors for bacterial growth. Humic 
substances are well known for their chelation reactions with 
metallic ions and the mobility and solubility of the latter 
are greatly influenced by humic materials _in vivo (Rashid, 
1985). Humic substances are also believed to be involved in 
photochemical redox reactions with insoluble forms of 
biologically important transition metals such as manganese 
(Harvey and Boran, 1985) and freshwater humic material's 
stimulate microbially derived alkaline phosphatase activity 
(Steinburg and Muenster, 1985). Studies with freshwater humic 
materials have shown that another possibly beneficial effect 
of humic substances upon microbial growth is their capacity 
to enter into biochemical redox reactions acting as
extracellular substrates for electron transport between a 
wide range of donor and acceptor molecules (Schindler et a l . , 
1976; Zimmerman, 1981).
The surface activity is well known (see previous chapter) 
and it is likely that adsorption of humic materials to
surfaces alters the degree and nature of surface associations 
of utilizable solutes and extracellular hydrolases of 
periphytic bacteria. It has been, considered that most 
biological macromolecules are held by relatively few
attachments when adsorbed to surfaces and the bulk of these
molecules exist as solvent pervaded structures of similar 
size to those observed when free in solution (Erich, 1977).
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Whilst a monolayer of adsorbed macromolecules may prevent 
smaller nutrient molecules from adsorbing, it may also help 
retain solutes and enzymes by their entrapment or binding to 
solvated parts of the adsorbed macromolecules. The 
biodegradation rate of low molecular weight organic acids 
(including acetate) and sugars by a marine strain of vibrio 
alginolyticus in seawater has been found to be inversely 
correlated with adsorption of these materials (Gordon and 
Millero, 1985), it is thus possible that monolayers of 
adsorbed macromolecules on marine surfaces i_n vivo and on the 
surfaces of the experimental glassware used in the present 
study, may assist in making small nutrient molecules more 
available to bacteria. Yoon and Rosson (1985) have presented 
data suggesting that the addition of suspended clay mineral 
(bentonite) in seawater improves the efficiency of metabolism 
of acetate by a marine bacteria: no adsorption of acetate by
clay was detected and it is possible that their results could 
be explained by the presence of adsorbed humic materials upon 
the floculated clay, although the physiological state of 
bacteria was important (fast growing bacteria increased 
assimilation rates without increasing respiration rates 
whilst slow growing or starved cells decrease respiration 
rates leaving assimilation rates unchanged.).
Whether adsorption of high molecular weight marine organic 
materials to surfaces reduces their degree of resistance to 
hydrolysis by bacterial enzymes is unclear. The results of 
the simple experiment carried out in this study indicates 
that adsorbed materials (>100,000 mol.wt.) had been utilized
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by a marine Vibrio (strain 114), although checks to determine 
whether initially adsorbed material had desorbed 
independently of bacterial activity were not performed. 
Edwards (1982) has suggested that conformational changes due 
to the adsorption of these molecules may render them 
resistant to bacterial enzymes. At the moment there is 
conflicting evidence regarding the degradation of large 
biomolecules such as proteins, previous studies have 
suggested both stimulation (Estermann and Mclaren, 1959) and 
retardation (Marshmann and Marshall, 1981) by adsorbents. The 
physicochemical natures of different material surfaces are 
likely to play an important role in determining the ultimate 
conformation of adsorbing macromolecules, and thus may affect 
their b i o d e g r a d a b i l i t y . Differences in the activities of 
free-living and adsorbed bacteria can also be explained in 
terms of physiological adaptation of bacteria at surfaces 
(Bright and Fletcher, 1983). Humphrey and Marshall (1984) have 
demonstrated that the same physiological effects of surfaces 
upon a starving marine Vibrio can also be achieved using 
surfactant materials, this might suggest that the influence 
of macromolecular marine organic materials could be related 
to the colloidal surfactant nature of some of this material 
(Sharp, 1973 and Zsolnay, 1979) and the very large surface 
areas of these molecules (Rashid, 1985). The physical 
presence of macromolecular materials and the often associated 
mineral particulates around the surface may also serve to 
reduce the maintenance energy (as is likely for biofilm
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enclosed cells) by reducing the degree of loss of metabolites 
to the bulk solution.
The inhibitory effects observed for the highset levels of 
macromolecular organic materials used in the growth 
experiments in this study may have been due to the binding of 
acetate by these materials. Another possible explanation is 
an increase in the free radical content due to increases in 
humic concentration. Bacterial activity of soil and artifical 
humic acids has been correlated with free radical content 
(Hassett et al_. , 1987). Free radicals may arise in dissolved
humic materials as a result of photochemical reactions, and 
it has been suggested (Zika, 1981) that the degradation of 
apparently refractive dissolved organic matter i_n vivo is a 
synergistic interaction involving both biological and non- 
biological processes in which photon energy may prime these 
materials for further degradation.
The phenolic content of these very high molecular weight 
materials could also have inhibitory effects, but the levels 
required for inhibition would probably exceed the quantity 
of phenolic groups present at any of the extract 
concentrations tested in this study. Perhaps the most likely 
explanation for the observed inhibitory effects is the 
possible antibacterial effect of the substantial lipid 
component of these high molecular weight compounds. Bacterial 
inhibition by unsaturated fatty acids (such as linoleic and 
oleic acids) has been reported (Davidson et a_l. , 1980). It
has been suggested that the antibacterial effect of long 
chain unsaturated fatty acids is partly due to the presence
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of their autooxidation products (Gutteridge et. al. , 1974)
many of which are peroxidie, peracid or aldehydic 
(Schauenstein, 1967). Initial lipid autooxidation is a free 
radical reaction, and in the case of autoxidising linoleic 
acid, antibacterial properties are thought to be a function 
of the water soluble aldehydic intermediates (Guttteridge et 
a l ., 1976). In their proposed mechanism of formation of
marine humic and fulvic acids (Harvey e_t al_., 1983, 1985)
suggest that during the oxidative crosslinking of 
polyunsaturated lipids peroxide, peracids and C6-C9 aldehydes 
are released. It may thus be possible that the inhibitory 
effects noted in this study were due to similar autoxidatve 
processes occurring in the organic extract material in the 
ASW culture media.
Alternatively, the quite sudden fall-off in cell 
densities (noted in some old cultures was associated with 
relatively high unfractionated "organic" concentrations and 
for strain 61 in the presence of just the very high molecular 
weight (>100,000) material may suggest a possible role for 
marine organic macromolecular materials in causing 
alterations in bacterial physiology and/or surface properties 
that promote adhesion.
Further work on . the possible inhibitory or adhesion- 
enhancing properties is recommended.
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CHAPTER 8
GENERAL DISCUSSION
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The ultrafiltration techniques employed enabled the 
isolation of relatively large quantities of dissolved
macromolecular organic material from seawater. Infrared 
spectroscopic analysis of this material showed it to have
I.R. absorption bands characteristic of humic substances 
consisting largely of fulvic acid. The concentrated mixtures 
of macromolecular ( 3 1, 000 mol.wt.) organic material contained 
an appreciable nitrogen content and were confirmed by 
chemical assays to have high carbohydrate and very low
protein contents, further suggesting an overall fulvic rather 
than humic acid nature. These results would appear to agree 
with those of Harvey e_t aJ. ( 1983) and Harvey and Boran 
(1985) which showed that fulvic acids predominate over humic 
acids in the dissolved fraction of seawater organic matter. 
The similarity between IR spectra of isolated materials and 
those adsorbing to silver chloride after 2 hours immersion in 
Chichester Harbour, indicates that humic materials are
involved in molecular fouling. This is in agreement with the 
suggestion of Edwards (1982) that high molecular weight humic 
materials eventually dominate the organic "conditioning" film 
that forms upon newly immersed surfaces. The in. vitro studies 
of Edwards (1982) further suggested that humic acids comprise 
the bulk of the adsorbed material after about 90 hours, with 
lesser amounts of fulvic acid and lipid materials also 
p r e s e n t .
The greater relative concentration of fulvic acids 
compared to humic acids indicated in the present study, and
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IR spectroscopy of iji vitro adsorbed material, suggests that 
fulvic materials may, at least initially, be major components 
of adsorbed organic films developing upon .newly immersed 
surfaces. Consequently, in the first few days of immersion of 
freshly exposed surfaces it is most likely that adsorbed 
fulvic acids exert as much if not more influence over the 
attachment and development of pioneering fouling organisms as 
any adsorbed organic materials.
Studies of i_n vivo fouling development upon clean 
stainless steel surfaces and those carrying artificially 
produced organic "films" have shown that adsorbed high 
molecular weight marine organic matter can exert a major, 
lasting, influence upon fouling development by causing 
alterations in the occurrence and succession of fouling 
species upon the newly immersed surface.
The rate and extent of both bacterial and diatom fouling, 
as well as that due to algae and animals, was markedly 
affected by organic surface pretreatments.
During the first week of immersion of stainless steel and 
some elastomeric surfaces, the presence of preadsorbed high 
molecular weight organic films had the general effect of 
reducing the extent of bacterial fouling.
In one _in vivo experiment it was found that bacterial 
populations may recover and over a period of weeks to exceed 
those upon untreated surfaces. These population increases on 
organically pretreated stainless steel surfaces occurred 
partly as a result of increased prevalence of bacteria of 
distinctive morphology that were not observed upon untreated
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The possibility of selective effects by macromolecular 
organic matter upon the iji vivo adhesive tendencies of marine 
fouling bacteria was indicated from _in vitro experiments. 
Attachment assays using a facultatively oligotrophic ' marine 
fouling bacterium, Vibrio strain 114, revealed that when this 
organism is grown in the absence of macromolecular marine 
organic matter it attaches in greater numbers to unpretreated 
surfaces compared to surfaces pretreated with organic matter 
of greater than 300,000 mol.wt. This apparrent attachment 
preference could be reduced, nullified or completely reversed 
by prior growth in the presence of the isolated organic 
macromolecules and the nature of the alteration in adhesive 
tendency was a function of the molecular weight and 
concentration of the macromolecules added to the ASW growth 
medium. It is not known whether these changes were due to 
alterations in bacterial physiology, negative chemotaxis, 
changes in the physicochemical nature of the cell envelope 
resulting from organic "coating", or a combination of these 
effects. It has been shown for freshwater gram negative 
bacteria that different nutrient conditions and growth rates 
can cause physicochemical alteration of cell surfaces that 
influence their attachment (McEldowney and Fletcher, 1986). 
In view of this the latter authors suggested that changes in 
available nutrients in natural environments affect the 
attachment of individual bacterial species in different ways 
and in so doing, may alter the bacterial species composition
stainless steel.
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Growth experiments with marine bacteria _iri vitro have 
shown that there is some variation in the response of 
different fouling species to the presence of dissolved marine 
organic macromolecular materials in an artificial seawater 
growth medium. The marine organic additions were stimulatory 
of inhibitory at quite diferent concentrations when poorly 
related species were compared, although closely related 
bacteria exhibited similar responses. The stimulatory effects 
of marine organic additions included faster growth rates and 
greater cell yields, although opposite inhibitory effects
were apparent in the presence of the highest concentrations 
of added material.
It was also found that the isolated organic macromolecules 
could act as a sole source of carbon, nitrogen and energy for 
growth of two pseudomonad isolates and Vibr io strain 114. The 
Vibrio splendidus biotypes could not grow with these 
materials as both sole carbon and nitrogen sources, and their 
growth in acetate containing media was inhibited at
concentrations of marine organic additives that were 
stimulatory to the growth of the above mentioned organisms. 
This might be of ecological significance considering that 
Vibr io splendidus biotypes dominated the heterotrophic
bacterial population of a mature biofilm upon stainless steel 
and that pseudomonads often dominate the bacterial component 
of primary films (Sechler and Gundersen, 1973).
The strains which were able to utilise these high 
molecular weight marine organic materials in the absence of
during initial biofilm formation.
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other nutrients could be considered as facultative 
oligotrophs as defined by Yanagita et aj_. ( 1978). Studies by 
Kjelleberg et al_. (1985) on the attachment of a large number 
of oligotrophic and copiotrophic marine bacteria have 
indicated that those adapted to growth at low nutrient 
concentrations show the greatest initial attachment to glass 
surfaces. ■ They also provided evidence that in the later 
stages of colonization, growth by copiotrophic bacteria 
outweighs the recruitment contribution to biomass increase at 
the surface. On the basis of these findings Kjelleberg et. a l .
(1985) suggested that bacteria from different nutritional 
groups appear to vary in abundance and importance throughout 
the different phases of attachment and colonization of newly 
immersed surfaces. In the case of facultative oligotrophs, it 
could be that elevated concentrations of high molecular 
weight humic materials - such as are found upon marine 
surfaces - stimulate an apparent change from an oligotrophic 
to a copiotrophic physiology that is better suited to 
surface colonization by growth and the utilization of surface 
adsorbed material.
Dalton and Stirling (1982) define co-metabolism as the 
transformation of a non-growth substrate in the obligate 
presence of a grow.th substrate or another transformable 
compound. It is possible that the growth of the Vibrio 
splendidus biotypes (these were unable to grow on the 
macromolecular humic materials as sole carbon and nitrogen 
source) could have been stimulated as a result of co­
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metabolism (as defined above) of acetate and the marine 
organic material.
The growth stimulation effects of the marine humic materials 
noted for other bacterial strains examined (that could grow 
with the macromolecular humic material as sole carbon and 
nitrogen source) could not be explained by co-metabolism 
involving a single metabolic pathway. For the latter strains 
simultaneous utilization involving different metabolic 
pathways may explain the observed effects. Eggeling and Sahm
(1981) -have observed increased growth rates for yeasts 
simultaneously using two substrates. Babel (1979) predicted 
that simultaneous utilization of heterotrophic substrates by 
bacteria would be accompanied by an increase in growth rate 
and it was further suggested (Babel and Muller, 1985) that 
this may occur in order to overcome a physiological 
"bottleneck". It since been found that greater carbon 
conversion efficiency for many substrates occurs in the 
presence of an auxilary substrate (Babel and Muller, 1985).
Harder and Dijkhuizen (1982) state that the pattern of 
utilization of mixed substrates is generally dependent .upon 
their concentration. At non-growth limiting concentrations, 
substrates are utilized sequentially and diauxic growth is 
observed since the substrate which supports the highest 
growth rate is utilised first. In this study diauxic growth 
was observed for Pseudomonad strain 61 and Vibrio strain 114 
grown on 0.2% acetate plus marine organic fraction 1, 2 or 3
(materials of 1-10,000, 10,000-50,000 and 50,000-100,000
mol.wt. respectively). At a lower acetate concentration of
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0.1%, diauxy was not observed in the presence of the 
unfractionated high mol. w t . humic materials, although growth 
stimulation was evident. Studies on bacterial growth by
Harder and Dykhuizen (1982) suggest that when substrate 
concentrations are growth limiting, simultaneous metabolism 
of mixed substrates occurs. Switching between sequential and 
simultaneous substrate utilization appears to explain the 
observed growth effects due to variation of acetate 
concentration in the presence of macromolecular marine humic 
m a t e r i a l s .
Marine humic substances have classically been considered 
as persistent, refractory molecules in seawater (Skopintsev, 
1959), but they are considered to have potentially high 
calorific value (Skopintsev, 1982). Posible mechanisms of 
molecular recalcitrance have been discussed by Alexander 
(1973). It appears that the the persistance of macromolecular 
marine humic could be related to molecular size and their low 
concentration, coupled with the absence of high
concentrations of readily utilizable molecules in bulk 
seawater. Adsorption mediated concentration of humic and 
other molecules to solid surfaces immersed in seawater may
allow the former to be more easily attacked.
Humic substances, particularly humic acids of very high 
molecular weight, are surfactants and it may be possible that 
they elicit physiological changes similar to those due to the 
presence of surfaces, as has-been shown by Humphrey and 
Marshall (1984) for a starving marine Vibrio in the presence
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On the basis of the observations of the current study, it 
is suggested that macromolecular marine humic materials can 
influence both the initial attachment of bacteria and their 
subsequent surface growth. Further study of the. effects of 
these materials upon nutrition, physiology of growth, cell 
surface physicochemical properties and adhesion of marine 
bacteria are required in order to ascertain what
relationships exist between these, and their consequent
influence upon the ecology of specific types of marine
bacteria at the solid-liquid interface.
Diatom colonization of stainless teel surfaces i_n mare 
could be altered by organic surface pretreatment, and 
pretreatments with different concentrations of high molecular 
weight (humic) organic material also resulted in clear 
differences in the numbers and types of attached species
after about two or more weeks immersion. Whilst the presence 
of preadsorbed organic matter had the net effect of retarding 
the attachment and growth of certain species, stimulatory 
effects were apparent for others. Modification of the 
competition between surface diatom species, due to direct 
effects of preadsorbed materials or indirect influences via 
their effects upon other fouling organisms, may have served 
to accentuate the changes in diatom fouling that were 
obsetved upon differently treated surfaces. Organic 
pretreatment of stainless steel surfaces also influenced the 
colonization of macrofouling species, with algae (at least 
initially) generally being retarded, whilst animal fouling
of other surfactants.
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(particularly hydrozoa) was enhanced.
Considering that the bulk of coastal seawater humic 
material is derived from algal decomposition (Gadel and 
Bruchet, 1987), and that generation of humic materials is a 
concomitant byproduct of microbially mediated decay processes 
(Swift, 1980), it appears likely that certain fouling animal 
larvae might be attracted and or induced to settle by humic 
materials generated from the products of bacterial decay of 
algal fouling. In the i_n vivo pretreatment experiments 
desorption of humic ' substances from organically treated 
surfaces may have acted as repellants or attractants to 
animal larvae, acting in a similar way the chemical 
telemediateurs described by Aubert (1971) and Aubert and 
Pesando (1971). Consequent elevation in the numbers of 
specific bacteria associated with the pretreated surfaces may 
also have influenced macrofouling adhesion and development.
During the course of sequential electron microscopic 
observations of fouling development upom stainless steel, it 
became evident that the nature of the interaction of bacteria 
with diatoms and algae is critical to the development of the 
fouling film. This appears to be related to the differing 
roles of photosynthetic organisms as primary producers and 
bacteria as consumers.
Where primary production is impaired (such as when 
overlying organisms prevent or reduce the passage of light) 
the delicate balance between production and heterotrophic 
bacterial consumption is broken, and algal death and decay
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may result from their inability to control associated 
bacterial populations. Colonization by some animals 
(including Jassa Sp. and tunicates) appears to promote or 
accelerate this sequence of events, whilst that of others 
such as hydrozoa may be enhanced as a result.
It has previously been established that humic materials 
are capable of stimulating planktonic diatoms and 
dinaflagellates (Prakash and Rashid, 1968, 1973) and there is 
also evidence that chelated metals enhance antibiotic 
production by planktonic diatoms (Aubert et al., 1975). The 
latter authors found that similar concentrations of 
unchelated metals had no effect upon antibiotic production, 
suggesting the possibility that humic materials may be 
involved (Ehrhardt, 1977). It is not known whether fouling 
algae and diatoms react to metals in a similar manner. 
Ectocarpalean algae do have bacterial counter measures such 
as the production of inhibitory phenolic substances and the 
sloughing of cell wall layers to remove epiphytes, although 
inevitably these algae are attacked at the base of fouling.
Attempts to correlate possible algal substrates with the 
degradative capacity of the hetertrophic bacterial flora of a 
mature film from stainless steel, were not entirely 
successful. The bacterial community was however dominated by 
Vibrio Spp. that had the greatest capacity to degrade 
possible algal derived substrates out of all the isolated 
bacteria. Dominant amongst the vibrios were the Vibrio 
splendidus biotypes I and II, and that biotype I was 
alginolytic may be of ecological significance considering the
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dominance of brown algae whose cell walls consist primarily 
of alginate.
Spatial separation of the ecological processes of 
decomposition and production was evident from the
ultrastructure of mature biofilms on stainless steel, and
this appeared to be related to the accumulative nature of 
fouling development , and appeared to play an important part 
in the destabilization of the film leading to sloughing. 
These events were not observed upon elastomeric surfaces.
Many questions about organism attachment mechanisms , 
growth of attached species and their interactions in fouling 
community development remain unanswered. But it appears that 
if the organic pretreatments can alter fouling succession in 
a given way then pretreatments using humic (or- similar 
artificial material) materials could be of use as a tool in 
studies of the ecology of marine fouling. Study of fouling 
development upon surfaces pretreated with humic materials 
isolated from seawater in different seasons and examination 
of the effects of pretreatment with specific molecular weight 
fractions may provide further possibly useful information
leading to the isolation of biologically active components.
It is possible that further studies of this nature might 
reveal that predictable alteration of fouling succession upon 
surfaces is possible. This might eventually lead to novel 
ways of retarding the development of certain problematic 
fouling organisms, or selecting for less troublesome 
communities by exploitation of natural ecological processes.
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94 - - - - + - - - - - - + - + + - - - + - + - - + -
95 - - - - + - - - - - - + - + + - - - + - + - - + -
96 - - - - + - - - - - - + - + - + - - + - + - - + -
97 _ _ - + _ _ _ + — - - + - + + - - - + - + - - + -
90
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
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121
122
123
124
125
126
127
128
129
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- - - - + - - - - - - + - + - — - + - + - - + -
- - - - + - - - - - - + - + - - - + - + - - + -
- - - - -f - - - + - - + - + + - - - + - + - + -
- - - - + - - - - - - - + + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - - + + + - - - + - + - - + -
+ - + + + + - - - + - - - + - + - - ■{ -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - - + + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - - + + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - + + - + - - - + - - - + - + - - + -
+ + + + - - - + - - - + -
- - - - + - - - + - - + - + + - - - + - + - - + -
- - - - + - - - + - + - - - - + - - + - - - + -
+ -
+ + + - - - + - + - - + -
+ -
- - - - + - - - - - - + - + + - - - + - + - - + +
+ + + - - - + - + - - + -
- - - - + - - - - - - + - + + - - - + - + - - + -
- - - - + - - - - - - - + + + - - - + - -h - - + -
+ + + - - - + - + - - + -
*f* -
- + - - - - - - + - - + - + + - - - + - + - - + -
+ + - - - + - + - _ . + -
- - - - + - - - _ - - - + - + - - - + - + - - + -
+ - - - - - - - - - - + - + + - - - + - + + + - -
- - - - + - - - - - - + - + + - - - + - + - - + -
_ _ _ + „ _ _ - + _ + + _ - + - - - - - + -
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1 - - 4 4 4 - + + + + + 4- - - - 4 4 4 4 -
2 - - + 4 4 - - + + + + - - 4- 4 4 4 4 4 4
3 - - 4 4 + - + + + + 4- - 4* 4 4 4 4 4 -
4 - - 4 4 4 - - + + + + - - - - 4 4 4 4 -
5 - - 4 + 4 - - + + + - - 4 4 4 4 4 4 4
6 - - 4 4 4 - + + + + + - - 4 4 4 4 4 4 4
7 - - 4 + 4 - - + + - - 4 4 4 4 4 - -
8 - + 4 + + + + + + 4 4 4 4 -
9 - - 4 4 4 - + •f + - - - - - 4 4 4 4 4 -
1 0 - - 4 4 4 - + + + + + - - 4 4 4 4 4 4 4
11 - - 4 4 4 - - + + + + - - 4 4 4 4 4 4 4
12 - - + 4 4 - + + + + + 4- - 4 4 4 4 4 4 -
13 - - + 4 4 - + + + + + 4- - 4 4 4 4 4 4 -
14 - - 4 4 4 • - + + + + + - - 4 4 4 4 4 4 -
1 5 - - 4 + + - + + + + + 4- - 4 4 4 4 4 4 -
1 6 - - + + 4 - + + + + + 4 - 4 4 4 4 4 4 -
1 7 - - 4 + 4 - + + + + + + - 4 4 4 4 4 4 4
1 8 - - 4 4 4 - - + + + + - - 4 4 4 4 4 4 4
19 - - 4 4 4 - + + + + + + - 4 4 4 4 4 4 -
2 0 - - + + 4 - - + + + 4* - - 4 4 4 4 4 - -
21 - - 4 4 4 - - + + + 4* - - 4 4 4 4 4 - -
22 - - + 4 4 - + + + + 4- 4- - 4 4 4 4 4 4 -
23 - - 4 4 4 - + + + + 4- - - 4 4 4 4 4 4 -
24 - - 4 4 + - + + + + 4- - - 4 4 4 4 4 - -
2 5 - - 4 + + - - + + + 4- + - 4 4 4 4 4 4 -
26 - - 4 4 + - + + + + 4- + - 4 4 4 4 4 4 -
27 - - 4 4 + - + + + + 4- - - 4 4 4 4 4 4 -
2 8 - - 4 4 + - + + + + 4- 4- - 4 4 4 4 4 4 4
29 - - + + + - + + + + 4- 4* - 4 4 4 4 4 - -
3 0 - - 4 4 + + + + + + 4- - 4 4 4 4 4 4 -
31 _ _ 4 4 + _ + + + + _ — _ 4 4 4 4 4 4
30 
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65 - - + + + - - + + + - - - + + + + + +
66 - - + + + - + 4- + + - - + + + + + -
67 - - + + + - + + + + + + - + + + + + + +
68 - - 4* + + - - 4- 4* + - - - - + + + + -
69 - - + + + - - - + + + + + + +
70 - - + + + - - + + 4* + - - + + + + +
71 - - + + + - - + + 4- - - - - + + + + +
72 - + + + + - - + + + - - - + + + + + + -
73 - - + + + - + + + + + - - + + + + + + +
74 - + + + + + + 4* 4- 4- + + - + + + + + + +
75 - - + + + - + + + + - - - + + + + + + -
76 - + + + + - + + + - - - - + + + + + + -
77 - - + + + - - + + 4- + - - + + + + + + +
78 - - + + - - + 4- 4- 4- - - - + + + + + + -
79 - - + + + - + 4- 4- - - - - + + + + + + -
80 - - + + + - + + + + + + - + + + + + + -
81 - - + + + - - 4* 4- + + + - -
82 - - + + + - + + 4- + + + - + + + + + + -
83 - - + + + - + + 4- + + + - + + + + - - -
84 - - + + + - + 4- + + + + - + + + + + + -
85 - - + + - + + + + + + - + + + + + + +
86 - - + + + - + 4* + + + + - + + + + + -
87 - - + + + + + + 4- + + - - + + + + + + -
88 - - + + + - - - 4- 4- - - - + + + + + + -
89 - - + + + - + + + 4* + - - + + + + + +
90 - - + + + - - + + + + - - + + + + + + -
91 - - + + + - + 4- + + + - - + + + + + + -
92 - - + + + - + + + + + + - + + + + + -
93 - - + + + - + 4- 4- + + + - + + + + + + -
94 - - + + + - + + + + + + - + + + + + + +
95 - - + + + - - + + + + - - + + + + + -
96 - - + + + + + 4* + + + - - + + + + + + -
97 - _ + + + _ + + + + + _ _ + + + + + + —
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55 55 O  S  f t  ^
1 - - - + - - - - - + + - - -
2 + - + - - + - + + + F - -
3 + + + + - + - + + + + F + -
4 + + + + - - -
5 + - + + - + - + + + + - + -
6 + + - + - + - + + + + F - -
7 + + + + - + - + + + + F - -
8 + + + - - -
9 - - - - - - - - + - F - -
10 + + + - - + - + + + + F - -
11 + + + - - + - + + + + F - -
12 + - + + - + - + + + + F + -
13 + - + + - + - + + + + F + -
14 + + - + + - - - + + + F - -
15 + - + + - + - + + + + - + -
16 + + + + - + - + + + + F + -
17 + + + + - + - + + + + F + -
18 + - + - - + - + + + + F - -
19 + + + + - + - + + + + F -
20 + + + + - + - + + + + F + -
21 + + + - + - + + + + F + -
22 + + + + - - + + + + F + -
23 + - + - + - + + + + F - -
24 + - - + - + - + + + + F - -
25 + - + - + - + + + + F + -
26 + 0 - -
27 + + + - - + - + + + + P - -
28 + + + - - + - + 4- F - -
29 + + + - - + - + + + F - -
30 - - - + - - - - - + - - -
31 + + — + + _ _ _ + + + 0 _ _
34 + _  +
JD
36 + -
+
+ + - - -
+
+ +
+
+
F
0 _
37 + - + + - + - + + + + F + -
38 + + - + - + - + + + + F - -
39 + & - - -
40 + - + - - + - + + + + F - -
41 + + + - - + - + + + + F - -
42 + + + + - - - .+ + + + F - -
43 + + + + - + - + + + + F - -
44 + + + + - + - + + + + F + -
45 + + + + - + - + + + + F + -
46 + + + + - + - + + + H- F + -
47 + - - + - - - - + - + - - -
48 + - + + - - - + + + F - -
49 +
50 + - + + - + - + + + + F + -
51 + - + + - + - + + + + F + -
52 + + + - + - + + + + F -f -
53 + - + - - + - + + + + F - -
54 - - - - - - - - + - + F - -
55 + - - + - - - - + + - F - + '
56 _ _ _ + _ _ _ _ _ ■h _ _
57 + - - + - + - - + + + F - -
58 + - + + - - - - + + - F - +
59 + - - + - + - - + + - F - -
60 + - + + - + - + + + + F + -
61 + + + + - - -
62 + - + + - + - + + + + F -h -
63 + - - + - + - - + + - F - -
64 + _ _ + _ + _ _ + + + F _ _
65 - - - + - + - - + + + F - -
66 + + + + - + - + + F + -
67 + + + + - + - + + + + F + -
68 + - - + - + - - + + + F - -
69 + - - + - + - - + + - F - -
70 - + + - - + - + + + F - -
71 + - - + - + - - + + - F - -
72 - - - + - + - - + + - F - -
73 + - + + - + - + + + + F - -
74 + + - + + - - - + + 0 - -
75 - - - + - - - - + - + F - -
76 + - + F - -
77 + - + + - + - + + + + F + -
78 - - - + - - - - + - + F - -
79 - - + - - - - - + - - F - -
80 + + + - + - + + + + F + -
81 + 0 - -
82 + + + + - + - + + + + F + -
83 + - + + - + - + + + + F + -
84 + - + + - + - + + + + F + -
85 + - 4* + - + - + + + + F + -
86 + + + + - + - + + + + F - -
87 + •+ + + - + - + + + + F - -
88 + - - + - + - - + + F - -
89 + *h + - - + - + + + + F - -
90 + + + - - + - + + + + F - -
91 + + + - - + - + + + + F - -
92 + + + + - + - + + + + F + -
93 + + + + - + - + + + + F + -
94 + + + - + - + + + + F + -
95 + - - + - - - - - + + - - -
96 + - - + - - - - - - + + - - -
97 + + - + + - - - + + + 0
98 + + + - -  + -  + + + + F -  -
99 + + + + -  + -  + + + + F + -
100 - - - - - - - -  + - -  F -  -
101 + + + + -  + -  + + + + F + -
102 + + + + -  + -  + + + + F -  -
103 + + + - -  + -  + -  + + F -  -
104 + + + + -  + -  + + + + F + -
105 - - -  + -  + - -  + + - F - -
106 + + + + — + — + + + + F + -
107 + + + + -  + -  + + + + F + -
108 + -  + - -  + -  + + + + F -  -
109 + + -  + -  + -  + + + + F + -
110 + + + + — + — + + + + F -  —
111 + + + + -  + -  + + + + F + -
112 — — + + — + — + + + + F — —
113 + -  + + -  + -  + + + + F + -
114 + -  + + -  + -  + + + + F -  -
115 +  _  +
116 + — — + — — — + + + + F -  —
117 + + — — — + — + + — + F — ”
118 + _ _ _ _ _ _  + + + + F + _
119 + + — + — + — + + + + F — —
120 + + + + — — — + + + + F "  —
121 -  +  -  +  - -  -  +  - -  +  0 -  -
122 + + + _  + -
123 + + -
124 + + -  + - -  - -  -  + + 0 -  -
125
126 _  + _  + +
127 — — — + _  — _  _  + + —
128 + +
129 _ - _  + _ _ -  + + _ _ o - -
130
1
w
$
C/J to 
H  H
SfJ (/jh *
O  &  O H
1
Hi
s i i
O
a  1
M
P*
1 - - - - - - - - + - - - - + - - + -
2 - - - - + + - - - + - + - + + + + -
3 + - - + + + - + + - - + - + + + + +
4 - + + + - -
5 - - - - + - - + + - + - + + + + -
6 - - - - + + - - + - - + _  .j. + + + -
7
O
- - - - + + - - +
4.
- +
4.
+ + + + + -
O
9 - - - - - + - - +
i
-
T
+ - + + + + -
10 - - - - + - - - - + - - - + + + + -
11 - - - - + - - - - + - - - + + + + -
12 + - - - + + - + + + - + - + + + + -
13 - - - - + + - - + + - + - + + + + -
14 - - - - - + - - + + - + - + + + + -
15 + - - + + + - - + + - + + + + + + -
16 - - - - + + - + - + - + + + + -
17 - - - - + + - + + - + - + + + + -
18 - - - - •f - - - - + - + - + + + + -
19 - - - - + + - + + + - + — + + + + -
20 - - - - + - - - + - - + - + + + + -
21 - - - - + + - - + - - + - + + + + -
22 - - - + + + - - + - - + - + + + + -
23 - - - - + - - - - + - + - + + + + -
24 - - - - + + - - + - - + - + + + + -
25 - - - - + + - + + - - + - + + +
4.
+ -
27 - - - - + - - - - + - + - + +
T
+ + T
28 - - - - + - - - - + - + — + + + +
29 - - - - + - - - - + - + - + + + + -
30 + + + + + +
31 _ — _ _ _ + _ + + _ _ - + + + +
32 _ _ _ _  + _ _ _  + _ _  + _  + + + + _
33 + _  + + + + _
34
35 + _  + + + + -
36 +  +  +  +  _
37 + _  + + + + _
30 + + + + _
39
40 — — — — -i- — — — — + — + — + + + + —
41 + -  + _  + + + + -
42 + + _  + _  + + + + _
43 — — — + + + — + + — — + — + + + + +
44 _ _ _ _  + + _ _  + _ _  + _ + + + + _
45 + — — — + + — — + + — + — + + + + —
46 + — + + -  — + + — + + + + —
47 + _ + + + + -
48 + + _  _ — + + + + —
49 + + + + -
50 _ _ _  + + _ -  + + + -  + -  + + + + +
51 + — _  — + _  — + — + + + + —
52 - - -  + + - -  + + + -  + -  + + + + -
53 — — — — + + — — — + — + — + + + + —
54 — — — “  — — — — + “  — + — + + + + —
55 +
56 + + + + _
57 + + + + -
58 + +
59 + + + + + -
60 4- — — — + + — + + + — + — + H- + + —
61
62 + + + _ + + + + + + +
63 - — — — — — + — — — + + + + + —
64 _ _ _ _ _ _ _ _  +  _ _ _ _  +  +  +  +  _
66 - - - -  + - -  -  + + _ _ _  + + + + _ 
67 + + -  + + + — + + + + _
73 - -  - - + + - - + - - - - + + + + -
74 + + - - + + + + + -
75 + + + + -
76 + - + + + + -
77 - -  - - + + - - + - - + - + + + + -
78 + + + + -
79 - -  - - - - - - - - - - - + ' + + + -
80 - -  - - + + - + + + - + - + + + + -
81 - -  - - - - - - - - - - - - - - - -
82 - -  - - + - + + + - + - + + + + -
83 - -  - - + - - - + + - + + + + + + -
84 + -  - - + + - + + - + - + + + -
85 - -  - - + - - + + + - + - + + + + -
86 + -  - - + - - - + + - + - + + + + -
87 - -  - - + - - - - + - + + + + + +
88 - -  - - - - - - + - - - - + + + + -
89 - “  + + - - - + + - + - + + + + -
90 - -  - - + - - - - + - + - + + + + -
91 - -  - + + - - - - + - + - + + + + -
92 + -  - - + + - - + + - + - + + + + -
93 - -  - - + - - - + + - + - + + + ■f -
94 - -  - - + + - + + + - + - + + + + -
95 + - - - -
96 + + + - - -
97 - -  - - - + - - + - + _ + + + + _
98
99
100 
101 
102
103
104
105
106
107
108 
109
no
111
112
H 3
114
H 5
116
H 7
U8
U 9
120
121
122
123
124
125
- + - + - + - 
+ + + — + + +
+ + + - + + -
- + — — — - +
+ + + - + + -
+ -
+ -
+ +
- +
-  +  -
+ + +
-  +  -
+ + +
+ + +
_  +  _
- + + +
- + - + + + + -
- + - + + + + -
“ — — + + — + —
- + - + + + + -
~ + — + + + + — 
-  + -  + + + + -
— + — + + + + —
- + - + + + + -
-  + -  + + + + -
- - -  + + + + -
-  + -  + + + + -
— + — + + + + +
-  + -  + + + + -
— ~ — + + + + —
-  + -  + + + + -
— — — + + + + —
- - -  + + + + -  
-  + + + + + + +
-  + -  + + + + -
-  + -  + + + - _
- -  + + + + + -
- -  + + + + + -  
-  + + + + + + —
-  - -  + + + + -
“ “  + + + + — +
- + -  + + + + -
1 - - - + + + + - - -
2 - - + + + + + + + +
3 - - + + + + + + + +
4 - - - + + + + + - +
5 - - + + + - + + + +
6 - - + + + - + + + +
7 - - + + + - + + + +
8 - - - + + + + + - +
9 - - - + - - + - + +
10 - - + + + + + + + +
11 - - + + + + + + + +
12 - - + + + + + + + +
13 - - + + + + + + + +
14 - - + + + + + - - +
15 - - + + - + + + + +
16 - - + + + + + -i- + +
17 - - + + + + + + + +
18 - - + + + + + + + +
19 - - + + + + + + + +
20 - - + + + - + + + +
21 - - + + + - + + + +
22 - - + + + + + + + +
23 - - + + + + + + + +
24 - - + + + - - + + +
25 - - + + + + + + + +
26 - - - + + + - - +
27 - - + + + + + + + +
28 - - + + + + + + +
29 - - + + + + + + + +
Q
W
>4
6
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 
61 
62
63
64
- -  + + + - + + + +
- -  + + - -  + + + +
- - -  + + - + - + +
- - -  + + - + - + +
- -  + + + + + + - +
- -  + + + - + + + +
- -  + + + - + + + +
~ — — + + + + + — +
— — + + + + + + + +
— — + + + + + + + +
- -  + + + + + + + +
- -  + + + + + + + +
- -  + + + - + + + +
- -  + + + + + + + +
- -  + + + + + + + +
— — + + + + + + + +
— — + + + + + + + +
- -  + + - -  + + + + 
— — + + + + + + + +
- -  + + + + + + + +
- - -  + + - + - + +
+ + + + + + + + — +
- - -  + + + + + - +
+ + + + + + + + - +
- - -  + + + + + - +
- -  + + + + + + - +
— — — + + + + + — +
-* — + + + + + + + +
“ — — + + + + + — +
— — — + + + + + — +
65 - - -  + + + + + -  +
66 - -  + + + + + + - +
67 - -  + + + + + + + +
68 " " “ + + + + + — +
69 - - -  + + + + + -  +
70 - -  + + + + + + + +
71 - - -  + + + + + -  +
72 - - -  + + + + + -  +
73 - -  + + + -  + + + +
74 + + -  + + + + + -  +
75
76 — — — + + — + — + +
77 - -  + + - -  + + + +
78 — — — + + — + — — +
79 ~ ~ “  + + “  + -* + —
80 — — + + + + + + — -f
81 + + — + — — — 
82 "  — !■ + + + + + + +
83 — — + + + + + + + +
84 “  — + + + + + + + +
85 - -  + + + + + + -  +
86 — — + + + + + + + +
87 - “  + + + — + + + +
88 — “ " + + + + + — +
89 — — + + + + + + + +
90 - -  + + + + + + + +
91 - -  + + + + + + + +
92 - -  + + + + + + + +
93 — — + + + + + + + +
94 - -  + + + + + + + +
95 - - -  + + + + + -  +
96 — — — + + + + + — +
97 - -  + + + + + + -  +
98 - - + + + - — + + +
99 - - + + + + + + + +
100 - - - + + - + - +
101 - - + + + + + + + +
102 - - + + + - + + + +
103 - - + + + - - + + +
104 - - + + + + + + + +
105 - - - + + + + + - +
106 - - + + + - + + + +
107 - - + + + + + + + +
108 - - + + + - - + + +
109 - - + + - - + + + +
110 - - + + + + + + + +
111 - - + + + + + + + +
112 - - + + + + + + + +
113 - - + + + + + + + +
114 - - + + + + + + - +
115 - - - + - - + - + +
116 - + + + + + + + + +
117 - - + + - - + + + +
118 - - - + - - + + + +
119 - - + + + + + + + +
120 + + + + + + + + - +
121 - - - + - + + - - +
122 - - - + - + + - - +
123 - - - + - + + - - -
124 - - - + - - + + - +
125 - - - + + - + + - -
126 + + - + - - + - - -
127 - - - + - + + + - +
128 + + + + + - + - - -
129 + + + + - + + - - -
130 + + - - - - + - - -
12 - + - - - + - - - + - - - + - - -
3 + + - - - + + - - + - - + + - + +
4 - - - - - 4~ - - - - - - - - - - - -
5 + + - - - + - - - + - - + + + - + +
6 + - + +
7 + + - - - 4- - - - + - - + + - - + +
8 + +
9 + + + - - -
10 + + - - - - + - - + - - - + - + - -
11 - 4- - - - + - - - + - - - + + - - -
12 + + - - - + + + - + - - + + - - + -
13 + + - - - 4- + + - + - - + + - - + -
14
15 - + - - - + + + - + - - + + - - - -
16 + + - - - - + - - + - - + + - - + -
17 ' + + - - - 4- + - - + - - + + - - + -
18 + + - - - + + - - + - - - - + - -
19 + + - - - - + - - + - - + + - - + +
20 + + - - - + - - - + - - + + - - - +
21 + + - - - + - - - + - - + - - - +
22 + + + +
23 + + - - - + + - - + - - + + 4* - + -
24 + - - - - + - - - - - - + _ + - - +
25 + + - - - - + - - + - - + + - - + -
26 + + - - - + + - - + - + - + - + -
27 + 4- - - - + + - - + - - - + - - - -
28 + + - - - 4* + - - + - - - + - - - -
29 + + - - - + + + - + - - + + + + + -
30 + + - - - 4- + + + + + + + - + +
31 + -


98 + + - - - - - - - + - - - + - + - -
99 + + - - - - + - - + - - + + - - + +
100 + + - +
101 + + - - - - + - - + - - - + - - + -
102 + + - - - - - - - + - - - + - - - +
103 + + +
104 + + - - - - + - - + - - + + + - - +
105 +
106 + + - - - + - - + + + + + + + - + +
107 + + - - - + - + + + + + + + + + +
108 + + - - - - -h - - + - - + + + - + -
109 - - - - - - - - - - + - + - + - - +
110 + + - - - - + - - + - - + + + - + +
111 + + - - - - + - - + - - + + + - + +
112 + - - - - + +
113 + + - - - - + - - + - - + + * - + +
114 + + - - - + + + + + + + + + + + +
115 ■ + - - - - - - - - + - - + + + - - -
116 + + - - - + + + - + + - + + + + - -
117 - + - - - + - - - + - - - + - - - -
118 + + - - - + + + - + - - + + - + - +
119 + + - - - + + + - + - - + + - - + -
120 + + - - - + + + - + - - + + + - + +
121 + + - - - + - - - - - - + + - - + +
122 + - - - - - - - - - - - - + - - - +
123 + + - - - + + + - + - - + + + - - -
124 + +
125 + - - - - + - - - - - - + + - - - -
126
127 + - - - - + - - - - - - - + - - - -
128
129 - - - - - + + - - - + - + - - - - +
130
